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A B S T R A C T   

Cu(II) complex of second-generation quinolone ofloxacin with 2,2′-bipyridine formulated as [Cu(ofx)(2bpy) 
(H2O)].ClO4⋅2H2O (1) [ofx = ofloxacin, 2bpy = 2,2′-bipyridine] has been synthesized. The coordination possi-
bility of the ofx and 2bpy towards metal ion was proposed using single-crystal X-ray diffraction analysis 
(SCXRD), IR, UV–Visible, EPR, thermal analysis, molar conductance, and elemental analysis. The interaction of 
Cu(II) with the deprotonated ofloxacin ligand resulted in the formation of the mononuclear complex of the type 
[Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O. Single crystal X-ray crystallography data revealed a five-coordinate, distorted 
square-pyramidal arrangement in the complex. The complex crystallizes in the triclinic system with a = 10.2192 
(13), b = 12.7080(19), c = 12.8156(16) Å, and space group P–1. The measurement of the complex molar 
conductance in DMSO (10− 3 M solution at 25 ◦C) revealed the electrolytic nature of the complex and was of the 
1:1 type. The presence of coordinated water molecules and the metal oxide in the final product was determined 
by thermal analysis studies. DFT calculations were carried out for the complex ion and the two ligands using the 
B3LYP/631-G(d) level of theory and the HOMO-LUMO energy gap was evaluated. The results showed that the 
complex with the lowest energy gap value (0.951 eV) is more reactive than the ligands. The ligand and its copper 
(II) complex were screened in order to evaluate the antimicrobial activity by measuring the inhibition zone 
(mm). The results showed that the metal complex was observed to be more active than the parent ligand.   

1. Introduction 

The biological and pharmaceutical studies of the coordination 
chemistry of different metal ions with fluoroquinolone drugs are of great 
importance and considerable interest. Metal complexes containing N- 
donor ligands e.g. phen, 2bpy (Fig. 1b), and other similar ligands have 
been intensively investigated because of their numerous biological ac-
tivities such as antitumor, and antimicrobial [1–3]. Copper (II) com-
plexes with drugs as ligands have very high activity in the presence of a 

nitrogen donor heterocyclic compounds, such as 2,2′-bipyridine (2bpy), 
1,10-phenanthroline (phen), and 2,2′-Dipyridylamine (bipym) [4–7]. 
The interaction of transition metal ions with various first and second- 
generation deprotonated quinolones drugs as ligands in the presence 
or absence of a nitrogen donor heterocyclic ligand has always been of 
great interest [8].Some of these are Cu(II) complexes of ciprofloxacin 
[9,10], ofloxacin [11],levofloxacin [12], ciprofloxacin [13], flumequine 
[14],ofloxacin [15,16], norfloxacin, [17]oxolinic acid [18], and enro-
floxacin[19]. One of the main objectives when studying the interactions 

Abbreviations: Ofx, ofloxacin; 2bpy, 2, 2′-bipyridine; LMCT, ligand-to-metal charge-transfer; EPR, electron paramagnetic resonance; TG, thermal analysis; Exptal, 
experimental. 
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between metal cations and antibiotics is to ascertain the nature of the 
functional groups responsible for the metal to ligand binding. 

In general, quinolones can be used as antibacterial drugs that inhibit 
DNA synthesis effectively and are utilized widely to cure many in-
fections [20,21]. Ofloxacin (Fig. 1a) is a second-generation quinolone 
antibacterial drug used for the treatment of both Gram-positive and 
Gram-negative pathogens; significantly, they are also active against 
Mycobacterium tuberculosis, the tuberculosis causative agent [22]. 
Ofloxacin is also utilized for the treatment of bacterial infections such as 
those of the sinuses, cellulitis, ears, skin, bones, and many others caused 
by susceptible bacteria, urinary tract infections, prostatitis [23,24]. 

As a result of their extensive use, there has been an increasing threat 
of bacterial resistance to quinolones [25], which led to the need to 
improve on the existing antimicrobial drugs and or develop new ones 
having more effective therapeutic values which could be an alternative 
to conventional drugs, as new derivatives of fluoroquinolones [26,27]. 

To date, few articles have been reported on the coordination prop-
erties and crystal structure of mixed ligand complex of ofloxacin with 
the hetero ligand like [Cu(ofx)(bipym)(CH3OH)]ClO4⋅2H2O] [15], and 
[Cu(oflo)(phen)(H2O)]NO3⋅2H2O] [16]. This has inspired us to obtain 
another novel ternary complex with its crystal structure including an 
evaluation of its biological activity. 

In this paper, we have studied the coordination behavior, antimi-
crobial efficacy, and DFT calculations of novel Cu(II) complex with the 
second-generation quinolone drug ofloxacin and 2,2′-bipyridine. The 
structure of the synthesized complex [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O 
was established by X-ray crystallographic technique. 

2. Experimental section 

2.1. Materials and reagents 

Ofloxacin, 2,2′-bipyridine were commercially obtained and used 
without further purification. Hydrated metal salt Cu(ClO4)2⋅6H2O, was 
purchased from the British Drug House (BDH) Poole, England. Analyt-
ical grade solvents were employed during all synthesis and were distilled 
before use. All the microorganisms used for the antibacterial activity 
were received as gifts from The Maharaja Sayajirao University of Bar-
oda, India. 

Metal (II) perchlorate salts are very explosive and require handling 
with extreme care. 

3. Synthesis of complex 

3.1. Synthesis of [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O 

To a 20 ml methanolic solution of 2bpy (1.562 g, 10 mmol),10 ml 
aqueous solution of Cu(ClO4)2⋅6H2O (3.705 g, 10 mmol) was added, 
followed by the addition of a freshly prepared solution of ofx (3.613 

g,10 mmol) already deprotonated with KOH (0.561 g, 10 mmol) in 
water. The solution pH was adjusted to 7.5 using a few drops of 1 M HCl 
solution. There was the instant formation of a microcrystalline green 
compound which was separated by filtration and washed with distilled 
water. Elemental analysis data was in agreement with the general for-
mula [Cu(ofx)(2bpy)(H2O)].ClO4⋅H2O Data obtained were as follows: 
Found (%): C = 47.23, H = 4.90, and N = 9.34; Calculated (%): C =
47.00, H = 4.37, and N = 9.79. The compound was recrystallized in 
acetonitrile solution, after standing at room temperature for 3 weeks, 
suitable single green crystals for X-ray determination were obtained and 
the formula was established as [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O. 

The synthesized Cu(II) complex structure was further confirmed by a 
single-crystal X-ray diffraction after positive elemental analysis. The 
reaction pathway is shown below in Scheme 1: 

Complex: Green; Yield: 82%; M. wt: 727.19 gmol− 1; M. pt: 
204.50 ◦C; Elemental analysis: Calc. for [Cu(C28H32.29FClN5O10.65)] 
(%):C, 45.84; H, 4.53; N, 9.55%. Found: C, 46.25; H, 4.47; N, 9.63%IR 
(KBr pellet, cm¡1)ʋ(C––O)py,1593;ʋasym(COO–),1622; ʋsym(COO–), 
1367;ʋ(C––N), 1516 ;Δ = ν(COO–)asy – ν(COO–)sy : 255 cm− 1;UV–Vis (in 
DMSO) nm(cm¡1)λ (nm):639(2500), 302(62,484), 260(28,687). The 
complex is soluble in methanol, acetonitrile, DMSO and DMF and is 
electrolyte (88.2 Ω-1cm2mol− 1). 

3.2. Instrumentation 

FTIR spectra of the parent ligand and the newly obtained Cu(II) 
complex were found in the range of 4,000 cm− 1 – 400 cm− 1 in the form 
of KBr pellets on an FTIR-8501 Shimadzu Spectrometer. Electronic ab-
sorption spectra (200–1000 nm) were recorded using JENWAY 6405 
UV–Vis spectrophotometer. The absorption spectra were recorded as 
solutions in DMSO. Thermo-gravimetric analysis measurement (TGA) 
was performed under N2 atmosphere within the temperature range from 
room temperature to 550 ◦C using TA instrument TAQ-500. A sample of 
4 mg was heated at 10 ◦C min− 1 using an aluminum pan. C, H, and N 
elemental analysis were performed on a Thermo Finnigan Italy, FLASH 
EA 1112 series. X –band electron spin resonance (ESR) spectra at liquid 
nitrogen temperature (LNT) and ambient/room temperature (RT) were 
recorded on a JES – FA200 ESR Spectrometer on X band, JEOL, Japan 
with 100 kHz modulation frequency. Single crystal X-ray diffraction 
data were collected on X’calibur, Eos, Gemini, CCD area-detector 
diffractometer. Melting point determination was carried out using the 
MPA100 Optimelt automated melting point system (SRS) and the molar 
conductance measurement (1x10-3) in DMSO solution was measured on 
EQ 660B based conductivity meter with a cell constant of 1.00. All 
measurements were done at room temperature utilizing freshly prepared 
solutions. The DFT calculations were achieved using the Gaussian 09 
suite program [28] on the Lengau cluster machine of the Centre for High 
Performance Computing (CHPC) South Africa. 

                         (a)      (b)

Fig. 1. Ligands used in the synthesis of the complex (a) ofloxacin (ofx), and (b) 2,2′-bipyridine (2bpy).  
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3.3. X-ray crystal structure determination 

Slow crystallization from acetonitrile solution yielded dark green 
crystals. A crystal of 0.25 × 0.20 × 0.20 mm dimension, suitable for 
single crystal X-ray diffraction was selected. X-ray intensity data of 
33,271 reflections were collected on a X’calibur CCD area-detector 
diffractometer with graphite monochromated MoKα radiation (λ =
0.71073 Å). The single-crystal X-ray crystallographic data for the com-
plex is summarized in Table 3. The structure was solved by SHELXS97, 
[29] and refined using SHELXL18 software refinement package [30]. 
Graphics were generated using MERCURY software 4.2 [31]. The 
structure was solved by direct methods and refined by the full-matrix 
least-squares based on F2 technique using SHELXS97 program package 
[29]. All non-hydrogen atoms of the molecule were located in the best E- 
map. Full-matrix least-square refinement was determined using 
SHELXL97 [29]. An ORTEP [32] view of the complex with 50% ellipsoid 
probability is seen in Fig. 2a [33]. The molecule geometry was deter-
mined using the software PLATON [34] and PARST [35].The CCDC 

number for the complex is 2022672. 

3.4. Antimicrobial activity – zone of inhibition study 

To determine the antimicrobial potency of the compounds (ofx and 
complex), five different bacterial strains including Gram (+) Bacillus 
subtilis, Staphylococcus aureus, Bacillus megaterium, and Gram (− ) Sal-
monella typhi, Escherichia coli were used. The result obtained was 
compared with the parent ligand ofx. The agar disk diffusion method 
was employed; 6.0 g of nutrient agar and 0.9 g of agar-agar were dis-
solved in 300 ml of autoclaved distilled water. The agar solution was 
heated for 15 min and then placed in an autoclave to sterilize at 121 ◦C. 
The heated nutrient agar was cooled and inoculated with standardized 
inoculums of the test microorganisms. The preparation of the stock so-
lution was accomplished by dissolving the ligand and complex in DMSO 
solution to make the final concentration of 5 mg/mL. Filter paper disk of 
6 mm in diameter was prepared and filled with 2 different volumes (2 μL 
and 4 μL) of the test compound to get 10 µg/ml and 20 µg/ml 

Scheme 1. Synthetic route of the complex.  

Fig. 2a. ORTEP view with 50% probability level of the complex. Hydrogen atoms and water solvate molecules are omitted for clarity. Perchlorate ion is disordered. 
For clarity, the disordered components have been excluded during plotting. 
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concentration on the disk surface [36]. The Petri dishes were incubated 
under reasonable conditions for 24 h. On the diffusion of the synthesized 
complex, an inhibition zone was formed via inhibiting the growth of 
bacteria in the presence of the compound. The diameters of inhibition 
zones were determined. 

3.5. Computational details 

The theoretical studies on the complex ion; [Cu(ofx)(2bpy)(H2O)]+, 
ofloxacin (ofx), and 2,2′-bipyridine (2bpy) were carried out using the 
density functional theory (DFT). The initial structures for the DFT cal-
culations were taken from the experimental X-ray structure of the 
cationic unit of the complex after editing it appropriately to remove the 
counter ion (ClO4

− ) and lattice H2O molecules. The optimization and 
vibrational frequency calculations on the structures were done using the 
B3LYP method [37,38] and the 6-31G(d) basis set. The polarizable 
continuum solvation model (PCM) was used with acetonitrile as the 
solvent. The time-dependent density functional theory (TD-DFT) [39] at 
B3LYP/631-G(d) level of theory was used to characterize the electronic 
transitions. The combination of B3LYP with 631-G(d) basis set is 
considered the most suitable general purpose choice for DFT studies and 
has been shown to give better results in the computation of thermo-
chemical, electronic, and structural properties for many classes of 
compounds [40,41]. The DFT calculations were done in the gas phase 
and in acetonitrile which is the solvent employed for the recrystalliza-
tion of the complex. The thermochemical properties, bond properties, 
and the global molecular reactivity descriptors such as energies of the 
highest occupied molecular orbital (EHOMO), lowest unoccupied molec-
ular orbital (ELUMO), HOMO-LUMO energy gap (ΔE), ionization energy 
(I), electron affinity (A), chemical potential (µ), electronegativity (χ), 
electrophilicity index (ω), global hardness (η) and global softness (S) 
were evaluated from the DFT calculations in order to better characterize 
the [Cu(ofx)(2bpy)(H2O)]+ and the two ligands. The HOMO and LUMO 
are collectively referred to as frontier orbitals and are important pa-
rameters for describing chemical behavior [42]. 

The energy gap (ΔE) between the HOMO and LUMO was evaluated 
as: 

ΔE = ELUMO − EHUMO (1) 

The ionization energy and the electron affinity were determined 
according to the Koopman’s theorem as [43] 

I = - EHUMO (2)  

A = - ELUMO (3) 

Similarly, the electronegativity (χ) was determined as the average of 
the ionization energy and electron affinity [44] 

χ =
I + A

2
(4) 

The chemical potential (µ) was defined as the negative of the elec-
tronegativity (χ) [45] 

μ = − χ − (1 + A)
2

(5) 

The electrophilicity index (ω) was evaluated from the values of 
chemical potential (µ) and the global hardness (η) of the molecule as: 
[46] 

ω =
μ2

2η (6) 

The global hardness (η) was evaluated as the finite difference be-
tween the ionization energy (I) and electron affinity (A) [47] 

η =
I − A

2
(7) 

The global softness (S) was defined as the inverse of the global 
hardness (η): [48] 

S =
1
η (8)  

4. Results and discussion 

The complex is air-stable, insoluble in water but soluble in methanol, 
acetonitrile, DMF, and DMSO. The metal to ligand ratio in the complex 
showed 1:1:1 stoichiometry of the type [M: ofx: 2bpy] as seen from the 
complex analytical data and elemental analysis. The conductance of the 
solution (1 × 10-3 M) was measured and the molar conductance was also 
determined. The complex molar conductance value at room temperature 
was 88.2 Ω-1cm2mol-1revealing 1:1 electrolytic nature of the complex 
which implies the presence of a counter anion (perchlorate) [49]. 

4.1. Synthesis of the complex 

The complex was prepared in a general way by the reaction of an 
equimolar amount of ofloxacin with Cu(ClO4)2 and 2,2′-bipyridine in 
the mixture of water and methanol solution. The elemental analysis data 
is consistent with the proposed stoichiometry and also in agreement 
with the empirical formulae obtained by single-crystal X-ray diffraction. 

4.2. IR spectroscopy 

The IR spectrum (Fig. S1) of [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O was 
compared with that of free ofx and 2bpy in order to study the binding 
and deprotonation mode of the ligand to the copper metal in the com-
plex. Some characteristic absorption bands and frequencies of the ligand 
and Cu(II) complex are provided in (Table 1). In the IR spectrum of free 
ofx, the vibration band stretch for ν(C––O)acid and ν(C––O)pyr groups 
were found at 1710 and 1618 cm− 1. Upon coordination with the metal 
ion, the ν(C––O)acid band disappeared and two new bands corresponding 
to the asymmetric ν (COO–)asy and symmetric ν(COO–)sym stretches 
appeared in the regions 1622 and 1367 cm− 1 [50]. The difference Δ 
COO–= ν(COO–)asy - ν(COO–)sym is a useful characteristic tool for 
determining the coordination mode of the ligands [51]. The difference 
in values of band shift for the complex is 255 cm-1which is>200 cm− 1, 
indicating that the carboxylate group in the ligand is coordinated to the 
metal ion in a monodentate manner with proton displacement [52]. The 
shift in the absorption band of ν(C––O)pyr, from 1618 cm-1to 1593 cm− 1 

for the complex spectra indicated the coordination of oxygen atom of the 
pyridone group to the metal ion [53]. On the other hand, the ν(C––N) 
band of the aromatic rings of 2bpy ligand located at 1580 cm− 1 [54] 
showed a shift in the complex indicating the bonding of 2bpy through 
the C––N nitrogen atom. The medium band found in ofx at 3428 cm− 1 

due to ν(O–H); completely disappeared in the spectra of the metal 
complex indicating deprotonation of the carboxylic proton [55]. Com-
plex showed broad band in the region 3360 cm− 1, which was due to the 
presence of a coordinated water molecule, and a very strong absorption 
for the metal complex at 1088 cm− 1 suggested the presence of the 
perchlorate counter-ion which was in agreement with the X-ray struc-
ture. The IR spectra of the complex showed the appearance of some new 
bands that were absent in the spectra of the free ligand in the region 512 
and 437 cm− 1 which confirmed the coordination of the metal ion via 
oxygen of its pyridone and carboxylate group of ofx(Cu–O) and pyridyl 
nitrogen of (Cu–N) [56,57]. From the overall changes in the IR spectra of 
the complex, it was concluded that ofx behaved as a bidentate ligand 
with O–O–donor atoms coordinated to the metal through the pyridone 
oxygen and deprotonated carboxylic oxygen. 2bpy also behaved as a 
bidentate ligand with N–N–donor atoms coordinated to the metal ion 
through the pyridyl nitrogen [58–60]. 
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4.3. Electronic spectra studies 

The electronic spectra of the Cu(II) complex were recorded in DMSO 
solution at room temperature. The spectra are shown in Figs. S2 and S3. 
The electronic spectrum of the complex showed a band at 260 nm which 
was attributable to π → π* transition. Another absorption band at 302 
nm could be assigned to charge transfers (LMCT). The low intensity and 
very broadband at 639 nm are attributed to d → d transition (2T2→2E) 
for the Cu(II) atom which is a characteristic of a distorted squar-
e–pyramidal arrangement of the ligand donor atoms around the copper 
ion (Table 2) [61,62]. Thus, based on electronic spectral data, Cu(II) ion 
possessed square-pyramidal geometry by the addition of one water 
molecule and this was confirmed by the thermal studies. 

4.4. Structure description of [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O 

Single crystal suitable for X-ray crystallographic analysis was ob-
tained by the recrystallization of the precipitate understudied from 
acetonitrile solution resulting in the formation of dark green quality X- 
ray single crystal. The complex was mononuclear and crystallized in a 
triclinic system, P-1 space group with unit cell dimensions a = 10.2192 
(13), b = 12.7080(19), and c = 12.8156(16). An ORTEP view of the 
complex with its atom numbering scheme is shown in Fig. 2(a). Single 
crystallographic data and molecular structure refinement data are pre-
sented in Table 3 as well as a comparison of some selected bond lengths 
and bond angles from x-ray and DFT studies are presented in Table 4. 

Complex showed coordination scheme as CuN2O3 type comprising of 
one Cu(II) atom, one quinolone ligand in its anionic form (ofx-), one 
bidentate (2bpy), and one water molecule which together formed 
cationic units [Cu-(ofx)(2bpy)(H2O)]+, as well as a disordered 
perchlorate counter anion which neutralized the charge and two lattice 
water molecules that provided crystalline stability through hydrogen- 
bond network interactions. Perchlorate is twofold disordered. The dis-
order components are in the ratio 64:36. In unit cells where minor 
component is absent, there exist water molecules (O36) with the occu-
pancy of major component of ClO4. 

The crystal structure was stabilized by numerous hydrogen bonds of 
type O(water)–H … O, O(water)-H…N. Moreover, we had seen that the 
water molecule was not only playing as a solvent of crystallization but 
also as a ligand but the hydrogen atoms of partially occupied water 
molecules could not be located from the Fourier map; however, their 
contributions were involved in the empirical formulae. A packing dia-
gram and table showing the intermolecular H-bond network are shown 
in Fig. 2(b) and Table 5. 

The two nitrogen atoms [N(1) and N(12)] from a 2bpy molecule with 
distances of [Cu(1)-N(1)] 2.022(5)oÅ, [Cu(1)-N(12)] 1.986(5)oÅ and 
two oxygen atoms (i.e. pyridone oxygen and carboxylate oxygen atoms) 
[O(25) and O(131)] from its quinolone ligand with distances of [Cu(1)- 
O(131)] 1.902(4)oÅ, [Cu(1)-O(25)] 1.967(4)oÅ made up the equatorial 
plane of the coordination polyhedron, while the axial position was 
occupied by water molecule with a longer Cu–O(35) distance of [2.276 

(6) Å]. The two Cu–N bonds gave the bond length of 1.986(5) Å and 
2.022(5) Å which concurred favorably with the expected range usually 
observed for copper complexes [63]. An arrangement similar to that of 
the bipy ligand had been observed in a series of some neutral mono-
nuclear Cu(L)(bipy)(H2O)complexes [5] (L = a monodentate phenox-
yalkanoato ligand), where Owater lies at the apical position [64]. The 
uncoordinated carboxylato oxygen atom O(132) [Cu(1)…O(132) =
3.994 Å] lied above the basal plane of the pyramid. The dihedral angle 
between the main skeleton of the two adjacent ligands is 78.35◦.The 
angles in the coordination polyhedron Fig. S5 varied from 81.3(2) to 
95.5(2) for the complex and these ranges were similar to those found in 
other mixed copper quinolone complexes [63,65]. 

Table 4 gives a comparative analysis of some selected experimental 
and calculated bond distances and bond angles. The significance of the 
differences between experimental and calculated values of the bond 
lengths and bond angles was determined by the root means square error 
(RMSE) which is expressed as: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(yi − ŷi)
2

n
,

√

(9)  

where yi and ŷi are the experimental and calculated values respectively. 
Alternatively, 

RMSE =
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − r2

√
xSDy (10)  

where r is the residuals (experimental value – calculated value) and SD is 
the standard deviation. 

The results of the bond properties revealed that the experimental and 
calculated values were approximately equivalent with the exception of 

Table 1 
Characteristic absorptions (cm− 1) in the IR spectra of the ligand and complex.  

Ligand/complex ν(C––O)acid ν(COO–)asy ν(C––O)pyr ν(COO–)sym Δ V ν(C––N) ν(Cu–O) ν(Cu–N) 

Ofx 1710 – 1618 – – – – – 
2,2′-bpy – – – – – 1580 – – 
1 – 1622 1593 1367 255 1516 512 437  

Table 2 
UV–Vis data of complex.   

λmax, nm (ε, 103M− 1 cm− 1)  
Complex π → π* d-d band C-T band 

1 260(28,687) 639(2,500) 302(62,484)  

Table 3 
Crystal data and structure refinement parameters for the complex.  

Empirical formula C28H32.29ClCuFN5O10.65 

Formula weight 727.19 
Temperature/K 298(2) 
Crystal system Triclinic 
Space group P-1 
a/Å 10.2192(13) 
b/Å 12.7080(19) 
c/Å 12.8156(16) 
α/◦ 78.772(12) 
β/◦ 70.244(11) 
γ/◦ 84.093(11) 
Volume/Å3 1535.1(4) 
Z 2 
ρcalcg/cm3 1.573 
μ/mm− 1 0.872 
F(000) 751.0 
Crystal size/mm3 0.250 × 0.200 × 0.200 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/◦ 5.992 to 52 
Index ranges − 12 ≤ h ≤ 12, − 15 ≤ k ≤ 15, − 15 ≤ l ≤ 15 
Reflections collected 33,271 
Independent reflections 6034 [Rint = 0.1176, Rsigma = 0.0945] 
Data/restraints/parameters 6034/378/483 
Goodness-of-fit on F2 1.084 
Final R indexes [I>=2σ (I)] R1 = 0.0911, wR2 = 0.2038 
Final R indexes [all data] R1 = 0.1360, wR2 = 0.2320 
Largest diff. peak/hole / e Å− 3 0.81/− 0.50 
Color Green 
CCDC 2022672  
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two bond angles; O(25)-Cu(1)-N(1) and O(25)-Cu(1)-O(35) that have 
significant difference between the experimental and calculated values. 
Thus, the coordination polyhedron of the structure obtained experi-
mentally was theoretically confirmed as the optimized structure for the 
[Cu(ofx)(2bpy)(H2O)]+ complex ion as evident from the bond distances 
and bond angles of the N and O atoms directly coordinating to the Cu2+

atom. 
To determine whether this five-membered motif structure is either 

square-pyramidal (SP) or trigonalbipyramidal (TBP), the value of the 
Addison parameter tau descriptor (τ) [66] was considered. Tau (τ) 
parameter as a trigonality index measures the degree of distortion and 
was defined as (τ = (α- β)/60 (where α and β are the two largest angles 

around the central atom),[α = O(25)-Cu(1)-N(1) = 173.33(19)o and β =
O(131)-Cu(1)-N(12) = 169.24(19)o] [66–68].Values of (τ) were be-
tween zero and unity (τ = 0 and unity for perfect square-pyramidal SP 
and trigonal–bipyramidal TBP geometries respectively). The τ, which 
had been calculated for Cu, was 0.068, indicating that distortion occurs 
in regular square-based pyramidal geometry. The tetragonality factor 
(T5 = RS/RL) of the complex is 0.839 as calculated from the changes in 
the bond lengths which is similar to the calculated mean of ca. 0.84 for 
previously reported Cu(II) complexes [69]. These two parameters (T5 

and τ) confirmed that the distortion that occurred in the coordination 
geometry around the copper atom was best represented as a distorted 
square-based pyramidal geometry. 

Crystal determination resolution further confirmed that coordination 
took place through the Oacid and Opyr group, in a similar way to other 
complexes with quinolone derivatives cited above. 

4.5. Thermal studies 

For the investigation of the thermal properties, the thermo- 
gravimetric analysis (TGA) of Cu(II) mixed-ligand complex was car-
ried out in the temperature range 30–550 ◦C under N2 atmosphere at a 
rate of 10 ◦C min− 1. The Cu(II) thermo-gram (Fig. 3) decomposed in 

Table 4 
Selected bond lengths (Å) and angles (◦) from X-ray and DFT studies (esd’s are reported in parenthesis, esd = 0 where not reported).  

Bond distance (Å) Bond angles (◦) 

Bond Exptal Calc. RMSE Bond Exptal Calc. RMSE 

Cu(1)-O(131) 1.902(4)  1.903 0.00399 O(131)-Cu(1)-O(25) 92.4(17)  93.3  0.00323 
Cu(1)-O(25) 1.967(4)  1.952 0.00399 O(131)-Cu(1)-N(12) 169.2(19)  174.7  0.55575 
Cu(1)-O(35) 2.276(6)  2.273 0.00599 O(25)-Cu(1)-N(12) 92.2(17)  91.9  0.01547 
Cu(1)-N(1) 2.022(5)  1.993 0.00499 O(131)-Cu(1)-N(1) 91.3(19)  93.2  0.04959 
Cu(1)-N(12) 1.986  1.969 0 O(25)-Cu(1)-N(1) 173.3(19)  147.2  12.92399     

N(12)-Cu(1)-N(1) 81.3(2)  81.9  0.00128     
O(131)-Cu(1)-O(35) 92.2(2)  84.8  0.10752     
O(25)-Cu(1)-O(35) 92.2(19)  107.4  4.37076     
N(12)-Cu(1)-O(35) 95.9(2)  94.6  0.00138     
N(1)-Cu(1)-O(35) 92.5(2)  105.2  0.32058     
C(11)-N(12)-Cu(1) 125.9(4)  124.6  0.00276     
C(7)-N(12)-Cu(1) 115.6(4)  115.7  0.00396     
C(6)-N(1)-Cu(1) 113.9(4)  115.0  0.00084     
C(2)-N(1)-Cu(1) 126.9(4)  125.5  0.00384     
C(24)-O(25)-Cu(1) 122.5(4)  126.2  0.05076     
C(13)-O(131)-Cu(1) 128.0(4)  130.8  0.02736  

Fig. 2b. Intermolecular hydrogen bonding showing O–H…O, O–H…N interactions in the complex. Green lines indicating H-Bond. The water molecule and the 
disordered perchlorate ion are omitted for clarity. For clarity, the disordered component has been excluded during plotting. 

Table 5 
Hydrogen – bonding parameters for the complex (D, donor; A, acceptor).  

Complex D-H…A D-H 
(Å) 

H…A 
(Å) 

D…A 
(Å) 

D-H…A 
(o) 

1 O(37)-H(372)-O 
(132)  

0.850  1.915  2.749  166.50  

O(37)-H(371)-O(36)  0.850  2.224  2.755  120.50  
O(35)-H(351)-N(31)  0.860  1.962  2.807  166.81  
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three successive steps. The first curve showed the first stage of decom-
position at 40–100 ◦C with a practical weight loss of 7.40% Cald. 7.43%. 
This was attributed to the elimination of one coordinated water and two 
lattice water molecules. Furthermore, the complex underwent decom-
position at 242 ◦C with a practical weight loss of 20.88% (Cald. 21.48%), 
which corresponded to a weight loss of 2bpy molecule. The third esti-
mated weight loss within the temperature range might be attributed to 
the loss of ofx leaving CuO as the final decomposition product (found 
48.0%, Cald.49.69%). The experimental result for mass loss agreed with 
the calculated for the three decomposition stages. The table of the 
thermo-analytical data of the complex is shown in Table S1. 

4.6. EPR spectral study of the Cu(II) complex 

The powdered as well as the solution EPR spectra of the complex 
were studied. X-band EPR spectra of polycrystalline Cu(II) complex at 
room temperature (RT) and solution at liquid nitrogen temperature 
(LNT) are shown in Figs. 4(a) and 4(b). 

The EPR spectra in frozen solution of the complex were indicative of 
S = 1/2 and no Δ Ms = ±2 (half field) transition was observed and 
features for half-field signals were not also observed. The derived EPR 

Hamiltonian spin parameters for the complex at LNT in Table 6 are g‖ =
2.145, g⊥= 2.033, A‖=169G(170 ×10− 4 cm− 1), and G = 5, which was 
normally observed only in magnetically diluted Cu(II) complexes. The 
EPR spectrum showed the usual line shape similar to mononuclear 
complexes with g‖> g⊥>2.0023 indicating an axial symmetry. The trend 
of g‖(2.145) > g⊥(2.033) > 2.0023 values indicated that the unpaired 
electron of Cu(II) resided in dx

2
–y
2 orbital having 2B1g at the ground state, 

which was indicative of square-pyramidal geometry of the complex 
[70]. The g‖ value was an important parameter for indicating the co-
valent character of the metal–ligand bond, g‖ < 2.3 for covalent char-
acters and g‖> 2.3 for ionic respectively, [71] thus g‖ value of 2.145 
obtained for the complex understudy, was less than 2.3 which indicated 
covalency for the metal–ligand bond. The g-value of the complex was 
related to the exchange-coupling parameter between the copper center 
(G) and was calculated for each axial species using the expression G=
(g‖-2.0023/ g⊥-2.0023) according to the literature [69]. The calculated 
G-value was found to be 5 which is greater than 4. The value of exchange 
interaction term G > 4 inferred that there was negligible interaction 
between the copper center in the complex [72]. 

The derived Hamiltonian parameters (g‖, g⊥, and A‖) were used to 
estimate the bonding parameters α2(covalent in-plane σ-bonding) and β2 

(covalent in-plane π-bonding). When the molecular orbital coefficient 
α2 = 0.5, it indicated a complete covalent bonding between a ligand and 
the metal ion, but when α2 = unity, it suggested a complete ionic 
bonding [73,74].The obtained value of α2 = 1.524 and β2 = 0.285 
indicated that complex was mainly ionic and an in-plane π-bonding was 
present. From the above values observed, it indicated that there was 
interaction in the out- plane π- bonding whereas in-plane σ-bonding was 
completely ionic which was verified by orbital reduction factors K‖ and 
K⊥. 

K‖≈ K⊥ in the case of pure σ- bonding, but when K‖<K⊥, it indicated 
an in-plane π- bonding while K‖> K⊥ for out plane π- bonding [69]. 
Based on the observed trend, K‖(0.434) > K⊥(0.090), it implied a greater 
contribution from out-plane π- bonding than in-plane π- bonding in 
Metal to ligand π bonding. 

4.7. Antimicrobial activity of the parent ligand and its copper complex 

The potency of the parent ligand and its Cu(II) complex was evalu-
ated by monitoring the growth of five organisms, three Gram (+) strains 
namely Bacillus subtilis, Staphylococcus aureus, Bacillus megaterium, and 
two Gram (-) Salmonella typhi, Escherichia coliby the agar disk diffusion 

Fig. 3. TGA curve of complex.  

Fig. 4a. X-band EPR spectra of [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2Ocomplex in 
DMSO solution at LNT. EPR conditions for LNT: microwave power, 0.9950mW, 
modulation amplitude 70.0, microwave frequency 9.19GHZ, modulation fre-
quency 100 kHz. 

Fig. 4b. X-band EPR spectra of [Cu(ofx)(2bpy)(H2O)].ClO4⋅2H2O complex in 
polycrystalline state at RT EPR conditions for RT: microwave power, 
0.9950mW, modulation amplitude 80.0, microwave frequency 9.45GHZ, 
modulation frequency 100 kHz. 
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method [75]. The results of the antimicrobial test given by the zone of 
inhibition (mm) in the concentration of 10 µg/ml and 20 µg/ml per disk 
are presented in (Table 7). It was evident from the obtained data that the 
coordination of the ofx ligand with Cu(II) in the presence of 2bpy results 
into superior antimicrobial complex against E. coli, S. aureus, S. typhi, B. 
subtilis, and B. megaterium which might be due to the complexation of the 
metal ion with ligand; [76,77] while the same level of efficacy was 
observed against B. megaterium on 10 µg/ml level of exposure. The 
complex exhibited the best inhibition against B. subtilis at 20 µg/ml 
concentration. The results also agreed with the finding of other re-
searchers that antibacterial potency is usually concentration-dependent 
[78,79]. The enhanced activity of the Cu(II) complex was expected when 
the biological role and the activity of copper [80,81] were considered 
since the nature of the metal ion coordinated to a drug might have a 
significant role to this diversity. For metal complexes showing higher 
antimicrobial activity, the following five principal factors [7,82,83] 
should be considered: (i) The chelate effect, i.e. Ligands that are bound 
to metal ions in a bidentate way like quinolones, 2bpy, bipym, and phen 
showed better antimicrobial effectiveness towards complexes than 
monodentate Nitrogen-donor ligands e.g., pyridine; (ii) the total charge 
of the complex. Generally, the antimicrobial efficiency decreases in the 
order cationic > neutral > anionic complex; (iii) the nature of the li-
gands; (iv) the nuclearity of the metal center in the complex. Generally, 
dinuclear metal centers are more active than mononuclear ones; (v) the 
nature of the ion neutralizing the ionic complex. 

Thus, factors (i) and (iii) of the five factors mentioned above were 
present in the complex; i.e. the nature of the ligands and the chelate 
effect provided by both the quinolone (ofx) and the Nitrogen-donor 
ligand (2bpy) which could be considered increasing the antimicrobial 
activity. The antimicrobial activity chart is depicted in Fig. 5. 

5. Computational studies 

5.1. Geometrical structure of complex 

The results of thermochemical properties of the [Cu(ofx)(2bpy) 
(H2O)]+, the free ligands (ofloxacin), and 2,2′-bipyridine) and Cu 
(ClO4)2⋅6H2O in acetonitrile are shown in Table 8. The values for 
enthalpy (H), entropy (S) andGibb’s free energy (G) for the formation of 
the reacting species and the productswere as obtained after correction 
with the zero-point energy (ZPE) and the thermal electronic energy 
(ΔHele) at 298.15 K. Thevalue of ΔH and ΔG for thereaction are obtained 
as − 8.0 × 103kJmol− 1 from the expressions: 

ΔH =
∑

ΔHproducts −
∑

ΔHreactants (11)  

ΔG =
∑

ΔGproducts −
∑

ΔGreactants (12) 

The estimated negative values of ΔH and ΔG for the reaction by the 
DFT studies confirmed that the formation of the [Cu(ofx)(2bpy)(H2O)]+

(Fig. 6) through the experimentally proposed reaction path and 

conditions is an exothermic and thermodynamically feasible process. 
Fig. 7 showed the molecular orbitals surface plots for the HOMO- 

LUMO of [Cu(ofx)(2bpy)(H2O)]+. The HOMO orbitals were primarily 
electron donor whereas LUMO was electron acceptor. Similarly, the gap 
between HOMO and LUMO described the chemical stability of mole-
cules [84]. For the [Cu(ofx)(2bpy)(H2O)]+, the electron density of the 
HOMO were largely distributed on the 2,2′-bipyridine (2bpy) ring and 
the outer heterocyclic ring of the ofloxacin ligand while the electron 
density of the LUMO was only distributed on the 2,2′-bipyridine (2bpy) 
ring. This might be connected to the fact that 2bpy being an N, N- 
bidentate ligand that has both σ-donating and π-accepting characters 
which resulted in a low-lying LUMO with better π-electron interaction 
between its two N-atoms and the Cu atom than the two O-atoms of the 
ofx. Thus, the formation and stabilization of the [Cu(ofx)(2bpy)(H2O)]+

largely depend on the electronic charge transfer (CT) transitions be-
tween the d-orbitals of the Cu atom and the heteroatoms of the 2bpy and 
the ofx. 

In the free ofloxacin and 2,2′-bipyridine ligands; the HOMO and 
LUMO surface plots showed that electron densities were well distributed 
around the unsaturated carbon atoms and the heteroatoms since the 
most favorable electronic transitions in these molecules were the n → π* 
and the π → π* transitions. 

The global molecular descriptor as evaluated from the DFT calcula-
tions is presented in Table 9. The [Cu(ofx)(2bpy)(H2O)]+ has a small 
HOMO-LUMO energy gap (ΔE) value of 0.951 eV indicating that the 
complex ion has highly mobile π-electrons from the π-orbitals of its 
heteroatoms and conjugated systems and this conferred extra stability 
on it. The correspondingly high values of the other molecular descriptors 
(I, A, χ, µ, and ω) further substantiated the stability of the complex ion. 
The relatively small global hardness value (η = 0.475) indicated high 
polarizability and magnetizability of the complex ion. The greater 
reactivity of 2,2′-bipyridine in the formation of the complex ion was 
further corroborated with its higher ΔE value of 5.00 eV as compared to 
that of ofloxacin (3.522 eV) since the smaller ΔE value for ofloxacin 
implied greater stability. 

6. Conclusion 

A new Cu(II) mononuclear complex with CuN2O3 chromophore has 
been described and the molecular structure was elucidated by single- 
crystal X-ray spectral method. Ofx as the second generation quinolone 
and 2bpy, which form a stable complex with Cu(II), have been produced 
and characterized by physicochemical and spectroscopic techniques. A 
single-crystal X-ray diffraction data revealed that the crystal has inter-
molecular H-bonds and a distorted square-bipyramidal geometry around 
the metal center. Based on spectroscopic studies, the coordinating factor 
of the ligands has been proved on a complexation reaction with Cu(II) 
ion. The metal ion was coordinated through the pyridone and carbox-
ylate oxygen atom of ofx via deprotonation and pyridyl nitrogen of 
2bpy. ESR spectral data confirmed the mononuclear nature of the 
complex. The molar conductance in DMSO revealed the electrolytic 

Table 6 
X-band EPR Hamiltonian parameters for Cu(II) complex.  

Complexes g‖ g⊥ giso G A‖ (cm− 1) α2 β2 k‖ k⊥

1  2.145  2.033  2.070 5  169.36  1.524  0.285  0.434  0.090  

Table 7 
Antimicrobial activity of ofx, and its Cu(II) complex evaluated by the zone of diameter in (mm).  

Zone of inhibition (mm)  
E. coli S. typhi B. megatarium B. subtilis S. aureus 

Compound/Conc. 10 μg/ml 20 μg/ml 10 μg/ml 20 μg/ml 10 μg/ml 20 μg/ml 10 μg/ml 20 μg/ml 10 μg/ml 20 μg/ml 

Ofx 29 30.5 24 29 36 31 43 44 33.5 37 
Complex 31.5 31 34 36.5 36.5 37.5 43.5 47 35 39  
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Fig. 5. Antimicrobial activity chart.  

Table 8 
Thermochemical properties from DFT calculations at 298.15 K using acetonitrile as solvent.  

Compound Zero-point energy (ZPE) 
[kJmol− 1] 

Internal Energy (U) 
[kJmol− 1] 

Enthalpy (H) 
[kJmol− 1] 

Entropy (S) 
[kJmol− 1] 

Gibb’s Free Energy (G) 
[kJmol− 1] 

Cu(ClO4)2⋅6H2O  396.555 − 4.497 × 106 − 4.497 × 106  0.547 − 4.497 × 106 

2,2′-bipyridine  414.834 − 1.300 × 106 − 1.300 × 106  0.365 − 1.300 × 106 

Ofloxacin  1000.788 − 3.316 × 106 − 3.316 × 106  0.672 − 3.316 × 106 

[Cu(ofx)(2bpy) 
(H2O)]+

1507.210 − 9.124 × 106 − 9.124 × 106  1.002 − 9.124 × 106 

ClO4
-  27.364 − 1.997 × 106 − 1.997 × 106  0.286 − 1.997 × 106  

Fig. 6. The optimized structure of [Cu(ofx)(2bpy)(H2O)]+ using DFT calculations.  
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nature of the compound. The results obtained from DFT calculations 
have been compared with those obtained from the experimental (X-ray 
analysis) and agreements between them have been observed. The anti-
microbial activity results showed that the complex has exhibited a better 
and higher activity when compared to its respective ligand. This com-
pound can also be a promising addition of a new class of metallodrugs 
[85,86]. 
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Fig. 7. HOMO and LUMO surface representation for [Cu(ofx)(2bpy)(H2O)]+ using DFT calculations.  

Table 9 
Molecular descriptors.  

Parameters (eV) [Cu(ofx)(2bpy)H2O]+ Ofloxacin 2,2′-bipyridine  

Gas Acetonitrile Gas Acetonitrile Gas Acetonitrile 

EHOMO − 10.580 − 6.070 − 5.250 − 5.124 − 6.004 − 6.296 
ELUMO − 9.724 − 5.119 − 1.653 − 1.602 − 1.180 − 1.296 
ΔE (ELUMO-EHOMO) 0.856 0.951 3.597 3.522 4.824 5.000 
I 10.580 6.070 5.250 5.124 6.004 6.296 
A 9.724 5.119 1.653 1.602 1.180 1.296 
η 0.428 0.475 1.799 1.761 2.412 2.500 
S 2.336 2.105 0.556 0.568 0.415 0.400 
χ 10.152 5.595 3.452 3.363 3.592 3.796 
µ − 10.152 − 5.595 − 3.452 − 3.363 − 3.592 − 3.796 
ω 120.401 32.952 3.313 3.211 2.675 2.882  
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(2001) 163–170. 
[12] M. Kumar, G. Kumar, K.M. Dadure, D.T. Masram, New J. Chem. 43 (2019) 

15462–15481. 
[13] D.K. Saha, U. Sandbhor, K. Shirisha, S. Padhye, D. Deobagkar, C.E. Anson, A. 

K. Powell, Bioorg. Med. Chem. Lett. 14 (2004) 3027–3032. 
[14] E. Chalkidou, F. Perdih, I. Turel, D.P. Kessissoglou, G. Psomas, J. Inorg. Biochem. 

113 (2012) 55–65. 
[15] M. Lawal, J.A. Obaleye, R.N. Jadeja, M.O. Bamigboye, V.K. Gupta, H. Roy, I. 

U. Shaikh, Polyhedron 190 (2020). 
[16] C.Y. Chen, Q.Z. Chen, X.F. Wang, M.S. Liu, Y.F. Chen, Transit. Met. Chem. 34 

(2009) 757–763. 
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Evaluation of abamectin induced hepatotoxicity
in Oreochromis mossambicus
Shweta Kushwaha1,2, Isha Anerao1,3, Shweta Rajput1, Poonam Bhagriya1 and Hetal Roy1*

Abstract: Abamectin (ABM) is a naturally fermented product of Streptomyces
avermitilis. It is used to control pests in livestock and agriculture. In the present
study, it has been hypothesized that intoxication of ABM to Oreochromis mossam-
bicus impairs the function of the hepatocyte. Fishes were exposed to ABM with 40,
45, and 55 ppb for 48 h. Test animals were observed at regular intervals of time and
sacrificed at the end of the regimen. Liver function tests, oxidative stress parameter,
and histopathological alterations were taken into account to analyze hepatotoxicity
induced by the test compound. Plasma transaminase activities were increased
significantly in all the treated groups. The activity of lipid peroxidation was mea-
sured higher due to ABM intoxication, whereas catalase activity was depleted. The
marked focal necrotic alteration was examined in liver tissue. The low-dose group
showed a less adverse effect on liver, whereas the medium and high dose induced
moderate-to-severe hepatotoxicity. Data from this study demonstrate that ABM
exposure generates reactive oxygen species (ROS) and alter liver function of fishes,
which may lead to liver necrosis. The authors’ emphasis on the regulatory use of
ABM to protect fish health against ABM-induced toxicological effects.

Subjects: Environmental and Ecological Toxicology; Pesticides toxicity; Hepatotoxicity

Keywords: Abamectin; hepatotoxicity; reactive oxygen species; transaminase;
histopathology

1. Introduction
Abamectin (avermectin B1, ABM) is a family of macrocyclic lactones produced by the soil micro-
organism Streptomyces avermitilis and used as a pesticide for crop protection (Abd-Elhady & Abou-
Elghar, 2013; Boonstra et al., 2011; Chung et al., 1999). ABM comprises of two active components,
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avermectin B1a (≥80%) and avermectin B1b (≤20%), which affect insect nervous system by acting
on GABAergic neurons (Maioli et al., 2013; Raftery & Volz, 2015). The toxicological properties of
ABM are due to these two active components that affect inhibitory synapses via a mode of action
involving glutamate-sensitive chloride channels (Yoon et al., 2004). On the scale of toxicity, ABM is
classified under class II category of pesticide and used extensively all over the world although ABM
is more toxic than ivermectin (Kolar et al., 2008; Mossa et al., 2018).

The intoxication of ABM not only impairs coordination of neurons but also affects the function of
hepatocytes and induces liver toxicity (Hsu et al., 2001; Terali et al., 2018; Zanoli et al., 2012). Higher
activity of serum aminotransferasewasmeasured in the rat after oral intoxication of ABM (Abd-Elhady
& Abou-Elghar, 2013; Hsu et al., 2001; Mossa et al., 2018). The study reports of Kennedy et al. (2014)
suggested that ABM exposure alters the fish physiology. Neuronal degeneration and liver dysfunction
were the results of ABM exposure to cyprinids fish (Thiripurasundari et al., 2014). Moreover, the
accumulation of ABM in liver tissue was confirmed by Howells and Sauer (2001).

Aquatic ecotoxicological research for ABM has become very important since its residue regularly
enters the aquatic environment after application on a crop by drift or runoff. The presence of ABM
in the aquatic body as well as in fish body (ABM accumulates as it is lipophilic) was quantified for
ecotoxicity measure (Novelli et al., 2012). Fish play an important role to maintain the aquatic
ecosystem. It is a key organism for the food chain and biomagnifications that is consumed by
human also. Fengmei et al. (2011) quantified the presence of avermectin in fish sample that clarify
the accumulation of ABM pesticide in fish which is one of the food sources of human. Furthermore,
expansion of fish industries suggests increased demands for fish as a source of animal protein.
Hence, there is a need for analyzing ABM-induced toxicity in the fish, although it is a non-target
organism. Xenobiotic acquisition from any route of exposure comes to the liver for biotransforma-
tion as it is primary site of detoxification and facilitated clearance. During high level of metabolism,
oxidative stress is generated as well as secondary metabolites make liver possible target of
damage (Hong et al., 2016; Lushchak et al., 2018). It is also known that acute liver intoxication
is also associated with chronic pesticide exposure which results into irreversible alteration in liver
tissue and modulate whole body homeostasis (Wahlang et al., 2013). This study, therefore, aims to
evaluate the hepatotoxicity of ABM to provide the first detailed description of liver pathology in
O. mossambicus during ABM exposure.

2. Material and methods

2.1. Fish maintenance
Oreochromis mossambicus, commonly known as Tilapia (weighing 30 ± 3 gm and 15 ± 2 cm
length), used in this study was obtained from the pure brooders. Glass tanks containing 40 l of de-
chlorinated tap water (temperature 27 ± 4

ͦ
C, dissolved oxygen 7.3 ± 0.5 mg/L, pH 7.4) was used.

Ten fishes were placed in each tank and then acclimatized to environment for 15 days. The fishes
were fed daily with commercial fish pellets equal to 2.5% of their body weight. A commercial
formulation of ABM benzoate (Proclaim—5.27% SG, manufactured by Syngenta Agri. Crop Ltd.,
Batch No. PGSC000002) was purchased from a local distributor. Tilapia was separated into four
groups: (1) control (C); (2) low dose (40 ppb, LD); (3) medium dose (45 ppb, MD) and (4) high dose
(55 ppb, HD). The fishes were exposed to calculated (1/10th (LD), 1/20th (MD) and 1/30th (HD)
concentration of LC50 value of ABM) concentrations of ABM for 48 h under controlled laboratory
conditions. At the end of the treatment period, fishes were sacrificed and tissues were collected
from each fish for biochemical estimation and analysis of histopathology.

2.2. Behavioral study
At regular interval of time, the behavior of fishes was recorded after ABM exposure to analyze the
toxicant induced behavioral changes. Operculum movement, surfacing on water, swimming effi-
ciency, and swimming patterns of tilapia were recorded to analyze the altered behavioral pattern
due to ABM exposure.
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2.3. Liver function test
Fish blood was collected in K2-EDTA coated tubes. Blood was centrifuged at 3000 rpm for 15 min
to separate plasma. Enzyme activity of aspartate transaminase (AST) and alanine transaminase
(ALT) were determined at 340 nm using commercially available Reckon diagnostic kit (Bergmeyer
et al., 1978). The activity of alkaline phosphatase (ALP) was measured by adopting the protocol of
Tietz et al. (1983). 0.5 ml of buffered substrate (0.01 M PNPP in 0.1 M phosphate buffer) and 100 µl
of liver supernatant was mixed and incubated for 15 min at room temperature. 0.5 ml of 0.5 N
NaOH was added as stopping reagent and intensity of color was measured at 405 nm.

2.4. Biochemical analysis
The liver was homogenized, centrifuged, and the supernatant was collected for biochemical analysis. At
750 nm, total protein was measured using Folin–Ciocalteu’s phenol reagent (Lowry et al., 1951). Two
hundred microliters of liver homogenate and 500 µl of Lowry reagent (alkaline CuSO4 solution) were
incubated for 15 min. Folin phenol reagent (0.5 ml) was added in it and incubated for 5 min at room
temperature. Optical density was measured at 750 nm. Direct bilirubin was estimated using Jendrassik
and Grof (1938)method using Reckon diagnostic kit. Estimation of glycogenwas performed using Seifter
et al. (1950) method. Hundred milligrams of tissue digested in boiling KOH and glycogen was precipi-
tated in Ethyl alcohol. Five hundred microliters of aliquot and 2 ml of anthrone reagent were carefully
added and heated in boiling water bath for 5 min. The intensity of the green color was read at 620 nm.

2.5. Oxidative stress parameter
Using the method of Buege and Aust (1978), lipid peroxidation product, malondialdehyde (MDA) level
wasmeasured by thiobarbituric acid reactive substance (TBARS). In 100 µl of liver homogenate, 200 µl of
8% SDS, 500 µl of 20%acetic acid, 500 µl of 2% thiobarbituric acid (TBA) and 1ml phosphate buffer were
incubated in a water bath at 95°C for 60 min. After cooling, 2 ml of 10% TCA was added and centrifuga-
tion at 3000rpm for 10 min, the supernatant was removed and its absorbance was read at 532 nm.

Catalase activity was estimated at 590 nm (Sinha, 1972). Two hundred microliters of liver
homogenate and 500 µl of phosphate buffer (0.1 M, pH 7.0) were mixed. At the interval of 15
and 30 s, 0.3 ml H2O2 (0.2 M) was added. Dichromate acetic acid reagent (1 ml) was mixed and
incubated in boiling water bath for 10 min. Absorbance was recorded at 590 nm.

Reduce Glutathione (GSH) level was measured using Beutler et al. (1963) protocol. This method
was based on the development of yellow color when thiol reagent (Elman reagent) 5,5ʹ-dithio-bis
-2-nitrobenzoic (DTNB) reacts with GSH present in tissue sample forming 5-thio nitrobenzoic acid
(TNB). Intensity of color was measured at 412 nm.

2.6. Histopathology
Liver tissue was collected and fixed in 10% neutral buffered formalin for 24 h. Tissue was
dehydrated in an ascending series of ethanol and embedded in paraffin. Sections were cut and
stained by hematoxylin-eosin. Slides were examined under light microscope. The degree of tissue
changes (DTC) was calculated according to Poleksic & Mitrovic-Tutundzic method (Poleksic &
Mitrović-Tutundžić, 1994). The histological alteration was classified based on semi-quantitative
estimation of degree of damage with reference to observed histomorphological changes in tissue
section (stages I, II, and III). Fewer damage of tissue is classified as stage I in which tissue
damage is reversible itself; stage II alterations are more severe and it disturb the homeostasis of
tissue. This is reversible up to certain level with treatment. Stage III changes are extremely severe
and irreversible. The DTC value in tissue section was calculated by summation of pathological
lesions found in each stage and multiplying with the stage using given equation below:

DTC ¼ 100�∑ StageIð Þþ101 �∑ StageIIð Þþ102 �∑ StageIIIð Þ

For each group, five tissue sections were observed under the microscope and average DTC value
was calculated. These average DTC values were used to evaluate liver damage due to ABM based

Kushwaha et al., Cogent Biology (2020), 6: 1761277
https://doi.org/10.1080/23312025.2020.1761277

Page 4 of 14



on standard classifications given: (1) 0–10 DTC—physiological normal, (2) 11–20 DTC—slightly
damaged, (3) 21–50 DTC—moderately damaged, (4) 50–100 DTC—severe damaged, and (5)
more than 100 DTC—highly severe and irreversibly damaged.

2.7. Statistical analysis
The statistical analysis of all parameters was performed by one-way analysis of variance (ANOVA)
followed by post hoc Dunn–Bonferroni test to determine the significance level with control. Statistical
analysis was performed using GraphPad Prism 6 software. The statistical significance was taken to be
p < 0.05. All the results were expressed as mean ± standard error of the mean (SEM) for each group.

3. Results

3.1. Behavior analysis
Unusual altered behavior of living organisms is one of the clues of impaired physiology and disturbed
homeostasis. Stress behavior of fish, due to exposure of xenobiotic can be determined using swim-
ming, feeding, and respiratory (Operculum movement) behaviors. There were no observed change in
bodymovement (swimming) and pigmentation of the control group of fish. One-way ANOVA followed
by post hoc Bonferroni comparison of the frequency of operculum movements of treated fishes
showed significantly increased movements up to 36 h, after this period operculum movement was
decreased at 45 ppb and 55 ppb doses of ABM per minute (Graph 1(A)), whereas nonsignificant
increased movement was observed in LD group of fishes. Increased movement of operculum and
consistent gulping of air were observed behavioral changes in treated fish that supports induction of
hypoxia due ABM exposure. Surfacing behavior of fish is commonly observed when xenobiotics induce
the stress by reducing the carrying capacity of O2. Abnormal behavior like excessive mucus secretion,
shedding of scale, loss of pigmentation, loss of balance, restlessness, and swimming on the back were
recorded during ABM intoxication. The intensity of altered behavioral activities of the fish was
increased with increasing concentration and duration of ABM exposure. However, fishes of the control
group maintained normal behavior during 48 h of experiment period.

To observe the swimming efficiency of fishes after ABM exposure, they were released into
a channel of 1 m. Swimming patterns and distance travelled by fishes were recorded to observe
ABM induced physiological modification. Low and slow stroke of swimming was resulted into
significant drop in length travelled by fish per minute due to ABM treatment of MD and HD groups.
The difference in distance covered by fishes was increased with an increased exposure period and
concentration of ABM (Graph 1(B)). After 24 h of the exposure, frequency to swim on the back was
increased in MD and HD group of tilapias. It was also observed that fishes could not maintain body
balance during swimming after 36 h of ABM exposure at 55-ppb level. Nonsignificant change was
noticed in 40 ppb ABM exposed fishes after 36 h. There was no record of altered behavior of
swimming in reference group of tilapias.

Graph 1. (A) Frequency of oper-
cular movement of
O. mossambicus at different
time intervals after abamectin
exposure. (B) Effect of ABM on
swimming efficiency of fishes
at different time intervals
(Frequency was calculated at
the interval of 12 h for opercu-
lar movement and 24 h for
swimming efficiency as mean ±
SEM, n = 10).
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3.2. Liver function test
To validate ABM-induced hepatic injuries, serum enzymatic activities of ALP, AST, and ALT were esti-
mated. There were no observed changes in mean plasma ALT activity of control and low-dose group of
fishes. ALT activity was estimated nonsignificantly higher in the MD group of O. mossambicus, whereas
the significantly increased activity of ALTwas reported in 55 ppbABM-treated tilapia (p < 0.05). Aspartate
aminotransferase activitywasmeasured significantly higherwhen compared to the HD groups (p < 0.01)
of fishes with experimental control group. There was nonsignificant higher activity of AST measured at
45-ppb treatment, whereas no change of activity was recorded after 40-ppb exposure of ABM to tilapias
(Table 1). The AST/ALT ratiowas <1.0 in the high-dose group ofO.mossambicus that indicates the fibrotic
insult of liver tissue. ALP activity was nonsignificantly elevated in fishes that were exposed to 40 ppb and
45 ppb of ABM for 48 h as compared to that of the reference group of tilapias. However, test organisms of
high dose group showed a statistically significant increase in the activity of ALP due to biliary obstruction
generated by ABM exposure (Table 1, Figure 2(b)).

3.3. Biochemical test
Therewerenosignificant changes found in total protein levels in low toxicantexposed fish. Thequantified
level of protein inmid- andhigh-dosegroupswasmeasured significantly lowafter 48hofABM treatment
(Table 2). Majority of serum proteins are synthesized in the liver; therefore, the altered level of total
protein is an indicator of liver function impairment. On the contrary, the test organism from mid- and
high-dose groups showed a significant decrease in glycogen level (p < 0.05 and p < 0.01, respectively),
whereas low-dose group showed unremarkable depletion in the level of glycogen after ABM intoxication
as compared to control fishes (Table 2). Therewereno significant changes in the total bilirubin levels in LD
and MD groups of ABM-exposed tilapia as compared to the value obtained from the control fishes. The
significantly higher level of bilirubin was estimated on 55 ppb intoxication of ABM to fishes.

Table 1. Effect of abamectin on liver marker enzymes after 48 h of intoxication on
O. mossambicus

Enzymes Control LD MD HD

ALT
(IU/L)

10.66 ± 0.03 10.75 ± 0.06 10.9 ± 0.1 11.08 ± 0.14*

AST
(IU/L)

10.4 ± 0.34 10.79 ± 0.49 11.09 ± 0.3 13.19 ± 0.39**

ALP
(µmolPNP released/
min)

42.43 ± 3.21 52.63 ± 4.05 58.63 ± 5.56 74.57 ± 5.76**

(Data values are shown as mean ± SEM. One-way analysis of variance was followed by post hoc Dunn–Bonferroni test
with control at: * = p < 0.05; ** = p < 0.01).

Table 2. Biochemical alteration due to 48 h of abamectin exposure to O. mossambicus

Bio-molecules Control LD MD HD

Protein
(mg/gm tissue)

18.28 ± 0.51 16.85 ± 0.75 14.58 ± 0.90* 12.67 ± 0.75**

Glycogen
(mg/gm tissue)

37.97 ± 0.58 32.7 ± 2.0 29.9 ± 1.1* 26.27 ± 2.06**

Bilirubin
(mg/dL)

0.72 ± 0.01 0.77 ± 0.03 0.79 ± 0.03 0.89 ± 0.06*

Values are shown as mean ± SEM, n = 10; * = p < 0.05; ** = p < 0.01.
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3.4. Oxidative stress parameters
The effects of ABM on certain oxidative stress parameters are summarized in Graph 2. Treated
groups of O. mossambicus, LD, MD, and HD, exhibited an increase in the level of MDA that
indirectly shows higher the activity of LPO (Graph 2(A)). The MDA levels in the liver tissues of
fish exposed to higher concentration of ABM were significantly higher than those in the control
(p < 0.01). However, the MD and HD treatment of ABM to tilapias depleted the activity of
catalase significantly when compared to the control group (Graph 2(B)). Data also show
a significant decrease in catalase activity of hepatocytes observed in the fishes of MD and
HD groups, whereas 40-ppb treatment of ABM did not result in a significant change in catalase
activity compared to the control fishes. Graph 2(C) shows the effects of ABM on reduced
glutathione content in liver tissues from the fishes of ABM treated groups. Reduced glutathione
content in the liver was significantly decreased (p < 0.005) in the HD group of fishes as
compared to the value obtained from the control tilapias. Nonsignificant depletion of GSH
level was recorded in 40 ppb and 45 ppb ABM-intoxicated groups of tilapias.

3.5. Histopathology
Common pathological alteration found in the liver tissue was centrilobular destruction,
vacuolar degeneration, dilation of sinusoid, fibrosis, and bile stagnation. Histology of control
fish liver (Figure 1(a,b)) shown a regular arrangement of hepatocytes in glandular pattern
with an intact central vein. The hepatic histopathology of a low dose group of fishes showed
sinusoid dilation due to ABM exposure (Figure 1(c)). On 45 ppb exposure of ABM to tilapia
induced vacuolar degeneration of hepatocytes. Sinusoid dilation was also a commonly
observed feature at a medium dose of ABM exposure (Figure 1(d)). Liver fibrosis was com-
monly observed histoarchitectural damage of high dose group of test organism. Centrilobular
destruction and bile stagnation were marked identified histopathological alteration on 55 ppb
intoxication of ABM (Figure 2(b,d)). Bile stagnation was observed as yellow-brown patches in
hepatic tissue. Observed hepatic alteration of the HD group was severe and irreversible.
Calculated DTC value was 53.18 for 45 ppb ABM exposure, whereas at 55 ppb ABM exposure,
DTC value was raised on 139.6 in comparison to control hepatic tissue). DTC value above 100
indicates irreversible damage to the liver (Graph 3).

Graph 2. Effect of abamectin on
oxidative stress parameters of
liver after 48 h intoxication to
tilapias. (A) Alteration in MDA
level in hepatic tissue of fishes;
(B) modulation in catalase
activity after ABM treatment;
(C) GSH level in liver tissue of
tilapias (each value is the mean
±SEM, n = 10, * = p < 0.05;
** = p < 0.01; *** = p < 0.005).
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Figure 2. Photomicrograph of
histopathological of hepatic
tissue after 55 ppb exposure of
ABM. (a) Histological damage of
liver, 4X; (b) bile stagnation
(arrow) and necrosis with gross
hepatocellular damage, 10X; (c)
Kupffer cell proliferation
(arrow), 45X; (d) centrilobular
destruction (*) and gross
necrosis, 45X).

Figure 1. Photomicrograph of
Liver histology of
O. mossambicus (a) control fish
liver histoarchitecture 4X; (b)
control hepatic section 45X; (c)
40 ppb ABM-treated liver his-
topathology of tilapia with mild
sinusoid dilation, 10X; (d) sinu-
soid dilation after 45 ppb ABM
intoxication to fishes 10X, *
shows centrilobular destruction
and arrow shows vacuolar
degeneration).
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4. Discussion
Alteration in behavior patterns is one of themost sensitive indicators of environmental stress (Byrne &
O’halloran, 2001). The behavior parameter provides the information of external (morphological) and
internal (physiological) adaptive changes of an organism due to the insult of any chemical (Legradi
et al., 2018). The increased opercular movement of gills, surfacing, and gulping was observed after
ABM exposure. Increased surfacing and gulping during exposure periods of ABM suggests an elevated
rate ofmetabolism and altered physiology of fish due to hypoxia. Hypoxia triggers numerous potential
detrimental metabolic disturbances in fish because aerobic metabolism gradually becomes more
compromised as oxygen levels decreases, which results into loss of appetite, growth, and locomotory
activity (Oldham et al., 2019). In the state of hypoxia, fishes struggled to meet the oxygen demands
required to maintain basal homeostasis, making them acidotic from anaerobic metabolism that
eventually damage the tissue or become fatal to fishes (Hvas & Oppedal, 2019). Exposures of fishes
to different concentrations of ABM-altered swimming pattern and impaired movement (Ballesteros
et al., 2009; Gormley & Teather, 2003; Pereira et al., 2012). In current study, increasedmucus secretion
in treated fishes was due to nonspecific adaptive response against ABM which provides additional
protection against irritation or form barrier between body and pesticide so absorption of pesticide
decreases (Saleh et al., 2019).

The nervous system controls muscle movement by the neurotransmitter. The inhibition of the
neurotransmitter by ABM may affect swimming pattern and equilibrium of body of tilapia (Bretaud
et al., 2000; Golombieski et al., 2008; Varo et al., 2003). Our results show that fish exposed to ABM
during 48 h exhibit decreased swimming speed and movement percentage with respect to the
reference group. The drop of locomotor activity as adaptive phenomenon is called Hypoactivity
Syndrome. Lowered swimming activity in fishes could be adaptive response to restrain energy
against higher metabolism of biotransformation (Ballesteros et al., 2009; Cazenave et al., 2008).
ABM induces neurotoxicity by activation of GABA-gated chloride channels and develops hypoac-
tivity of muscle; moreover, consistent exposure of ABM persuades paralyzing effect to organism
(Dawson et al., 2000; Novelli et al., 2012; Raftery & Volz, 2015; Xu et al., 2017). Decline travel
distance in treated group was attribution of GABAergic inhibition. ABM is designed to control the
pest through GABA-gated chloride flux disrupt to seize the movement (Casida, 1993). Due to this
mechanical action of ABM, swimming activity and balancing of body was modulated after
treatment.

Graph 3. Shows degree of tissue
change at 40, 45, and 50 ppb of
ABM exposure to tilapia after
48 h.
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Liver function tests are important to evaluate liver physiology on the exposure of pesticides. Hence,
activities of serum ALT and AST have been routinely used to assess alter fish physiology as well as for the
detection of tissue damage by pesticide exposure (McGill, 2016; Rao, 2006). The present results showed
that the treatment of ABM to fish caused a significant increase in the plasma activities of AST and ALT
when compared to the control fish. An increased activity of these enzymes in serum is a sensitive indicator
of cellular damage (Fırat et al., 2011; Jee et al., 2005; Palanivelu et al., 2005). Elevated liver enzyme activity
in serum indicates stress-based tissue impairment, degenerative changes and hepatic hypofunction as the
effects of the toxicant on hepatocytes induce to release cellular enzymes into blood. A high level of liver
specific enzyme activity in serum is one of the indicators of necrosis which could be result of hypoxia-
induced ABM exposure and elevation of ROS due to biotransformation.

Elevated activity of LPO is in support of the production of hydroxyl radicals that causes oxidative
damage to hepatocyte. The present study recorded significant increased MDA level in HD group of
fishes. Lipid peroxidase peroxides the lipid of the plasma membrane and makes the membrane
leaky which escorts the necrotic event (Zambo et al., 2013). Thus, elevated level of hepatocyte
specific enzymes ALT and AST activities were recorded higher in serum. Ogueji et al. (2020)
reported depletion in antioxidant level and increased hepatic LPO and ROS levels in Clarias
gariepinus exposed to acute concentrations of ivermectin.

There was a negative correlation with catalase activity and GSH level due to ABM exposure.
Catalase removes H2O2 by converting it into O2 and H2O and protects the cell. Present study
showed lower the activity of catalase on ABM exposure. A low level of GSH was observed in the
treated group during experiment. GSH involved in elimination of H2O2.Therefore, reduction in GSH
level and catalase activity directly escort overproduction of H2O2 that enhance the activity of LPO
that supports our results. Notably reduction in GSH level was observed in the liver tissue of
O. mossambicus after 96 h of ABM exposure (Al Ghais et al., 2019). Juliana et al. (2018) have
shown that ABM exposure perturbs mitochondrial bioenergetics and participate in the mitochon-
drial dependent pathological event via a reduction in GSH level and elevation of ROS.

The present results demonstrate a significant decrease in the mean level of serum proteins with increase
in the dose of ABM and developed hypoproteinemia. The results indicate that ABM caused alterations in the
protein metabolism of fish. Low content of protein level may be due to increased proteolytic activity to
compensate pesticide metabolic stress or ABM treatment may be attributed to impairment in protein
synthesis (Bradbury et al., 1987; Mastan & Rammayya, 2010). Depletion of protein content may be
attributed to cell damage by ABM treatment and consequent inability of cell to synthesize protein or
protein may be utilize for alternative source of energy for repair of the damaged cells caused by ABM
intoxication (Al-Kahtani, 2011; Thanosmit, 2016). Hypoproteinemia is a result of the high requirement of
glucose to compensate stress and homeostasis which may be balanced by gluconeogenesis from protein.
Observed low level of glycogen is in support with resultant hypoproteinemia due to ABM exposure. Known
metabolic response of fish to toxic effects is elevation in blood glucose level which is produced by lysis of
glycogen. Hence, the level of glycogen was reported low (Luskova et al., 2002; Ogueji et al., 2020) To After
48 h of treatment of ABM, direct bilirubin level was measured high due to the disruption of hepatic
architecture or altered hemoglobin breakdown. Measured higher activity of ALP in serum of ABM treated
fishes is in patronage with elevated level of bilirubin.

The elevation of ALT, AST, and MDA level and induction of hypoxia in the present study suggest
probable liver damage due to ABM exposure. The damage alters the histoarchitecture of tissue
that can be seen in the histopathological lesions. Marked degenerative changes like vacuolar
degeneration, centrilobular degeneration, and fibrosis were noticed in the liver of treated fish.
After ABM exposure to fish, a reduction in antioxidant enzyme might occur due to the over-
production of free radicals that hamper the defense mechanism of hepatocyte and leads necrosis.
Bile stagnation was reported during histopathological analysis that is in support of increased
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activity of alkaline phosphatase. Repeated administration of avermectin causes significant histo-
pathological alteration in liver tissues. Necrotic changes were observed in hepatocyte of rat on
avermectin exposure (Ahmed et al., 2020). Cellular degeneration and atrophy of liver tissue
indicated the direct toxicosis of ABM due to oxidative stress generated on ABM exposure.

5. Conclusion
In summary, the present results demonstrated that intoxication of ABM negatively affects fish
physiology. Exposure to ABM, change the swimming behavior of tilapias and induce hypoxia which
can be fatal for fish survival. Dose dependent altered liver physiology was observed on 48 h of ABM
exposure. ABM intoxication impaired hepatic function of fishes by inducing oxidative stress and
modulate antioxidant enzymes. Forty-eight hours of ABM treatment alters the activity of liver marker
enzymes (ALT, AST, and ALP). Severe histoarchitectural damage was also observed in hepatic tissue.
Hepatic necrosis suggests that ABM is potential toxic to tilapias which develops toxicological mani-
festation and impaired fish health. Hence, ABM must be used with utmost caution.

Abbreviation

ABM Abamectin

ppb Parts per billion

ALT Alanine transaminase

AST Aspartate transaminase

ALP Alkaline Phosphatase

ROS Reactive oxygen species

PBS Phosphate buffer saline

LPO Lipid peroxidation

MDA Malondialdehyde

TBA Thiobarbituric acid

TBARS Thiobarbituric acid reactive
substance

PNPP 4 -Nitro phenyl phosphate

SEM Standard error of the mean
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A B S T R A C T

With an hydrazido-based ligand, C14H13N2O and Cu, Ni metal(II) salts, three new mononuclear [Ni(HL)(NO3)
(H2O)]NO3,C14H15N5NiO8, 1, [Cu(HL)(H2O)2]2NO3, C14H17CuN5O4, 2, [Ni(HL)2]2ClO4, C28H30Cl2N6NiO12, 3
and one binuclear end-to-end thiocynate bridged [Cu2(µ-SCN)2(L)2], C30H24Cu2N8O2S2, 4 complexes have been
synthesized and characterized by physico-chemical techniques. All of the complexes were structurally char-
acterized using single crystal X-ray diffraction. Complexes 1 and 2 have a penta-coordinated environment
around the metal(II) centre, whereas complex 3 has a distorted hexa-coordinated geometry. In complex 4 two
symmetry related, adjacent copper(II) coordination moieties are joined end-to-end in an unprecedented manner
forming a thiocynate bridged, yielding a dicopper entity. The presence of two “symmetric” thiocynate bridges
with Cu-SCN and Cu-NCS distances of 2.832 Å and 1.925 Å, respectively, results in a Cu Cu distance of 5.503 Å.
Binuclear complex, 4 exhibits a weak antiferromagnetic interaction between adjacent copper(II) centres. These
copper(II) mononuclear and binuclear complexes have also been studied by X-band EPR spectroscopy. The
crystal packing of these new complexes is stabilized by H-bonding, weak intermolecular interactions, CH and

interactions. Electrochemical data (CV and DPV) for the complexes shows MII → MI reduction activity.
Electronic spectroscopy and computational features are examined by quantum chemical studies. The inhibitory
effect of the complexes were tested on a cell population with IMR 32 (neuroblastoma), MCF 7 (breast cancer),
HepG2 (hepatocellular carcinoma), L132 (lung cells) cell lines by MTT assay. Complex 3 showed a prominent
cytotoxicity against the all cell lines. Expression levels of the Bax (pro-apoptotic) and Bcl2 (anti-apoptotic) genes
were also studied, wherein the genes of interest showed a moderate down regulation after treatment with
complexes 1 and 3. Finally, antioxidant superoxide dismutase activity measurements show that the complexes
behave as superoxide dismutase mimics.

1. Introduction

In the present years, synthetic inorganic materials have achieved
considerable interest in the production of a structural variety of mole-
cular aggregates have received significant attention owing to their
structural variety resulting from their transition metal-rich nature and
chemical stability combined with their fascinating potential

applications in advanced materials [1]. The chemistry of transition
metal complexes has been found recently on the growth and improve-
ment of supramolecular assemblies, ensembles and different structures
aggregates [2]. Many attempts have been exercised to control the mo-
lecular structures arrangements in the crystals by simultaneous use of
coordination bonds of a transition metal ion and involved hydrogen
bondings [3]. A structural variety of ligands are commonly obtainable
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having the N, N and O as donor atoms, which can be used for the
synthesis of metal organic frameworks [4] and coordination polymers
[5]. Interest in coordination chemistry of aromatic hydrazones has in-
creased due to their variable binding modes towards transition metal
ions and to the possession of good biological activities [6]. Transition
metal complexes with hydrazones have been a subject of a variety of
studies for many years due to their potential antimicrobial and anti-
tumor activities [7]. Transition metal complexes with aromatic hy-
drazone ligands are of great interest as well, since they have attractive
biological properties [8]. Aromatic hydrazones may acts as tridentate
(N2O donors) neutral or monobasic ligands due to keto-enol tauto-
merization. Designed synthesis of di and polynuclear copper(II) com-
plexes is an interesting area of research for their diverse structures and
potential applications in magnetic materials. Hydrazone based copper
(II) complexes can be mentioned for their structural diversity, as well as
for their applications to see the effects of structural and chemical factors
that govern the exchange coupling between paramagnetic centres [9].
The design and synthesis of pseudo halide bridged binuclear complexes
has attracted considerable attention in the resent years, since such
complexes with diverse structural variety can be obtained with new
molecular materials with interesting technological importance [10].
The unprecedented asymmetric end-to-end thiocynate bridges within
the equatorial axial copper(II) binuclear complex shows it to be an ef-
ficient transmitter of magnetic inter-coupling interactions, whereby

stacking interactions also play key roles in the field of the mag-
netic interaction.

The anticancer activity of copper(II) complexes originates from their
redox activity which could result in the generation of a cytotoxic re-
active oxygen species (ROS) [11] (Scheme 1). The superoxide anion
(O2

%−) is a reactive oxygen species which is formed in biological sys-
tems. These superoxide radicals are formed when oxygen molecules
gain one electron, which occurs mostly in mitochondria. In the presence
of two electrons and two protons, O2 is converted to H2O2, that is

+ +
O H O2

2e 2H
2 2 (1)

The role of a CuZnSOD enzyme is to disproportionate O2
%− to O2

and H2O2 in the following manner

+ +Cu(II)SOD  O Cu(I)SOD O2
·

2 (2)

+ + ++Cu(I)SOD  O 2H Cu(II)SOD H O2
·

2 2 (3)

It has been proposed that the reaction cycle of CuZnSOD involves
inner sphere electron transfer from O2

%− to Cu(II) and outer sphere
electron transfer from Cu(I) to O2

%− [12].
The strategy of mixed-ligand assembly has been becoming a suc-

cessful approach for the manufacture of coordination frameworks with
fascinating topologies [13]. The flexible N-donor ligands have been
widely applicable in the formation of metal organic frameworks with
different topologies [14]. In this work, we selected aromatic hydrazones
with NNO donors sides flexible tridentate ligand to get intriguing
structures and various potential applications. In the present study, we
have reported the syntheses, crystal structure and characterizations of a
binuclear Cu(II) complex and metal(II) mononuclear complexes. The
reaction between copper(II) nitrate trihydrate, ligand (HL) and am-
monium thiocynate (as a co-ligand) leads to the formation of an un-
precedented pseudohalide end-to-end bridged complex, 4. All of these
complexes were characterized by elemental analysis, IR, UV–vis, X-
band EPR of the copper(II) complexes, single crystal X-ray diffraction
analysis and magnetic susceptibility studies. The inhibitory effects of
the complexes were tested on a cell population with four cell lines by
MTT assay. Cell lines are namely IMR 32 (neuroblastoma), MCF 7
(breast cancer), HepG2 (hepatocellular carcinoma), L132 (lung cells).
Complex 3 showed a prominent cytotoxicity against the all cell lines.
Expression levels of the Bax (pro-apoptotic) and Bcl2 (anti-apoptotic)
genes were also studied. These complexes showed a similar activity
compared to that of cisplatin, however no systematic behavior could be
observed. Moreover, antioxidant superoxide measurements showed
that these complexes exhibit effective dismutase activity and hence
form a potential application as an antioxidant.

2. Experimental section

2.1. Materials

All of the chemicals and solvents used for the synthesis of these
complexes were used as received without further purification. Copper
(II) perchlorate hexahydrate, nickel(II) nitrate hexahydrate, 2-ben-
zoylpyridine and acetylhydrazide were purchased from Aldrich and

Scheme 1. A proposed mechanism suggested for dismutation reaction catalyzed by 3.
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Across Chemicals and used without further purification. The solvents
were purified before use [15].

2.2. Physical measurements

Elemental analyses were determined by an Elementar Vario EL III
Carlo Erba 1108 Analyzer. Electrical conductivity measurements were
performed on freshly prepared 3 × 10−3 M DMSO solutions measured
on a Systronics Conductivity TDS meter 308. The solutions were
~10−3 mol dm−3 in the complexes and 0.1 mol dm−3 in tetrabutyl
ammonium perchlorate (TBAP) as a supporting electrolyte. UV–vis
spectra were taken at room temperature on a Shimadzu UV–vis re-
cording Spectrophotometer UV-1601 in quartz cells. Infrared (IR)
spectra (4000–400 cm−1) were recorded using the KBr pellet technique
on a Perkin-Elmer FTIR spectrophotometer. The 1H NMR spectrum of
the ligand was obtained in CH3OD with a Bruker Advance 400 (FT-
NMR) Instrument. Chemical shifts were reported in parts per million
(ppm) using tetramethylsilane (TMS) as internal standard. The electron
paramagnetic resonance (EPR) spectra were recorded with a Varian E-
line Century Series X-band Spectrometer equipped with a dual cavity.

Tetracyanoethylene (TCNE) was used as a marker (g = 2.00277).
Cyclic voltammetry was performed using a BAS-100 Epsilon
Electrochemical Analyzer on complexes 1–4 in DMSO solutions using
Ag/AgCl as a reference electrode and glassy carbon as a working
electrode. The solutions were ~10−3 mol dm−3 in the complex and
0.1 mol dm−3 in tetrabutyl ammonium perchlorate (TBAP) as a sup-
porting electrolyte. Ferrocene (Fe) was added to the solution as an in-
ternal standard. All measurements were carried out at room tempera-
ture under a nitrogen atmosphere. Magnetic data were recorded at
2–300 K under a 0.5 T magnetic field with a Quantum Design MPMSXL
Superconducting Quantum Interference Device (SQUID) magnetometer
whereby 25.33 mg of a finely ground sample of 4 was measured. The
magnetic data was corrected taking into account the intrinsic diamag-
netic contributions on the basis of Pascal’s constants and the
Temperature Independent Magnetism (TIP) of the Cu2+ ions and the
sample holder. X-ray crystallographic data for HL and 1–4 were col-
lected on a Rigaku-Oxford Diffraction Gemini Eos diffractometer using
graphite monochromated CuKα radiation (λ = 1.54184 Å). All non-
hydrogen atoms were refined anisotropically and all hydrogen atoms
were geometrically fixed in their calculated positions. The structures

Scheme 2. Synthesis of complexes 1–4.
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were solved by direct methods using SHELXS-97 [16] and refined by
full-matrix least-squares using SHELXL-97 [17]. Crystals suitable for
single-crystal X-ray analysis for of all complexes were grown by slow

evaporation of the reaction mixtures at room temperature. Single
crystals suitable for single-crystal X-ray analysis were mounted on
polymer loops and then used for data collection.

2.3. Theoretical quantum chemical calculations

All quantum chemical calculations were carried out using the
GUASSIAN 09 program package [18] by the DFT/B3LYP method. The
input files of the metal(II) complexes were prepared with Gauss View
5.0.9 [19]. In the computational model, the anion was ignored and only
the cationic complexes were taken into account. The electronic transi-
tions of the complexes were made by using the time dependent density
functional theory (TD-DFT)/B3LYP method with a LANL2DZ basis set in
the gas phase [20]. Vertical electronic excitations based on B3LYP op-
timized geometries were computed using the time dependent density
functional theory (TD-DFT) [21] in DMSO with a conductor-like po-
larizable continuum model (PCM) [22].

2.4. Antioxidant superoxide dismutase (SOD) assay

The in-vitro antioxidant superoxide dismutase (SOD) activity was
measured using alkaline DMSO as a source of the superoxide radical
(O2

%−) and NBT as an O2
%− scavenger, according to a procedure al-

ready described in the literature [23]. In general, 400 μL samples to be
assayed were added to a solution containing 2.1 ml of 0.2 mol L−1

potassium phosphate buffer (pH 8.6). 1 ml of 56 mmol L−1 alkaline
DMSO solution was then added while stirring. The absorbance was
monitored at 540 nm against a sample prepared under similar condi-
tions except for using NaOH in DMSO. A unit of antioxidant SOD ac-
tivity is the concentration of complex, which causes 50% (IC50) in-
hibition of alkaline DMSO mediated reduction of NBT. The catalytic
rate constants were calculated as kMcCF = kNBT [NBT] /IC50, where kNBT

(pH = 7.8) = 5.94 × 104 M−1 S−1 [24].
Caution! Perchlorate salts of metal complexes with transition metal

complexes are potentially explosive. They should be synthesized in
small quantities and the materials should be synthesized with great
care.

2.5. Synthesis of HL

The Schiff base was prepared by a standard literature method [25]
and synthesized by reacting acetylhydrazide (0.741 g, 10.0 mmol) and
2-benzoylpyridine (1.832 g, 10.0 mmol) with each dissolved in ethanol
for 1 h. After adding 2 drops of glacial acetic acid, the resulting solution
was again refluxed for 4 h. The resulting light brown coloured solution
was cooled to room temperature (RT) and filtered. The solid was dried
over fused CaCl2 in a desiccator. The product was recrystallized from
hot ethanol (Scheme S1). Yield: 2.426 g, (53%). Anal. Calc. for
C14H13N3O (239.27): C, 70.28; H, 5.48; N, 17.56. Found: C, 70.25; H,
5.46; N, 17.51%. IR ( cm−1, KBr): (NH) 3455–3430 m; (C]O)
1638 s, (C]N) 1610 m (Fig. S1). 1H NMR (MeOD, ppm): 2.35(s, 3H,
CH3); 4.83(s, NH); 7.34–8.81(m, 9H Ar-H). 13C (MeOD); ppm)
20.12(m, CH3); 40.94(s, CeO); 49.36 (S > C]N); 126.05–176.64(m,
Ar-C). The single crystal structure of HL was further confirmed by XRD.

2.6. Synthesis of complexes

The reaction of HL with metal(II) salts in different conditions re-
sulted in complexes 1–4 (Scheme 2).

2.7. Synthesis of [Ni(HL)(NO3) (H2O)](NO3), 1

Complex 1was synthesized by reacting 25 ml of methanolic solution
of nickel(II) nitrate trihydrate (0.366 g 1 mmol) with 25 ml of a me-
thanolic solution of ligand (0.239 g 1 mmol) in a round bottom flask.
The resulting light brown coloured solution was cooled to room

Fig. 1. (a) ORTEP Structure of HL (Dashed lines indicate N-H N in-
tramolecular H-bonds), (b) Structure of HL viewed along the a-axis (Dashed
lines indicate N-H N intra-molecular H-bonds and C-H O weak inter-
molecular interactions), (c) A view of the weak CH interactions for HL
(distances in Angstroms).

Y. Singh, et al. Inorganica Chimica Acta 503 (2020) 119371

4



temperature (RT). The solid was dried over fused CaCl2in a desiccator.
A brown crystal of single crystal XRD quality was obtained after a few
days by slow evaporation of a light dark brown solution of the complex.
Yield from methanol. Brown, yield (68%) Anal. Calc. for C14H15NiO8

(440.02): C, 38.22; H, 3.44; N, 15.92. Found: C, 38.18; H, 3.42; N,
15.78%. IR data (KBr disc, cm−1): 3780, 3073, 2926, 1693, 1609, 1520,
1384, 1309, 1204, 1107, 1028, 917, 829, 694, 599,520, 472 and 431
[Fig. S1 (b)].

2.8. Synthesis of [Cu(HL) (H2O)2](NO3)2, 2

Complex 2 was synthesized using the same method as for complex
1, except that nickel nitrate was replaced by copper nitrate. The deep
green solution obtained was kept at room temperature (RT) for one
week under going slow evaporation of the resulting solution by a si-
milar method. Dark green crystals were obtained, which were isolated
and dried over a fused CaCl2in a desiccator. Green, yield (68%) Anal.
Calc. for C14H17Ni O9 (462.86): C, 36.32; H, 3.70; N, 15.13. Found: C,
36.31; H, 3.68; N, 15.12%. IR data (KBr disc, cm−1): 3443, 3076, 2932,
2778, 2429, 2327, 1893, 1609, 1521, 1385, 1308, 1210, 1139, 1109,
1030, 919, 830, 799, 694, 602,517 and 456 [Fig. S1(c)].

2.9. Synthesis of [Ni(HL)2](ClO4)2, 3

Complex 3 was synthesized in a manner similar to that for complex
1 except that nickel nitrate was replaced by nickel perchlorate. The
deep brown solution obtained was kept at room temperature (RT) for
one week by slow evaporation. Green crystals were obtained, which
were isolated and dried over a fused CaCl2in a desiccator. Green, yield
(68%) Anal. Calc. for C14H17Ni O9 (772.19): C, 43.55; H, 3.92; N,
10.88.Found: C, 43.54; H, 3.89; N, 10.86%. IR data (KBr disc, cm−1):
3413, 3078, 2927, 2767, 2017, 1623, 1512, 1458, 1379, 1336, 1270,
1198, 1089, 935, 853, 794, 747, 703, 626, 515 and 448 [Fig. S1(d)].

2.10. Synthesis of [Cu2 (µ-SCN)2(L)2], 4

Complex 4 was synthesized by reacting 25 ml of a methanolic so-
lution of copper(II) perchlorate (0.370 g 1 mmol) with 25 ml of a
methanolic solution of N'-[(Z)-phenyl(pyridin-2-l) methylidene]acet-
ohydrazide (0.239 g 1 mmol) in a round bottom flask which produced a
light green coloured solution. A methanol solution of ammonium
thiocyanate (0.076 gm 1 mmol) was then added to it and stirred for 2 h.
The resulting solution was filtered and left for slow evaporation to get

Table 1
Crystal data and structure refinement for compounds HL and 1–4.

Compounds HL 1 2 3 4

Empirical formula C14 H13 N3 O C14 H15 N5 Ni O8 C14 H17 Cu N5 O9 C28 H30 Cl2 N6 Ni O12 C30 H24 Cu2 N8 O2 S2
Formula weight 239.27 440.02 462.86 772.19 719.77
Temperature 173(2) K 173(2) K 173(2) K 173(2) K 173(2) K
Wavelength 1.54184 Å 1.54184 Å 1.54184 Å 1.54184 Å 1.54184 Å
Crystal system Orthorhombic Triclinic Monoclinic Triclinic Orthorhombic
Space group Pna 21 P1 P 21 P1 Pbca

Unit cell dimensions
Å, °

a 7.6525(2) 7.2740(5) 7.9488(7) 12.2765(6) 15.5879(5)
b 15.2519(4) 8.5854(5) 11.8141(9) 15.0985(8) 7.0707(2)
c 10.5906(3) 14.5486(11) 10.2189(9) 18.1055(7) 27.3859(9)

90 82.246(6) 90 94.701(4) 90°
90 76.509(6) 108.275(10) 90.228(4) 90°
90 81.090(5) 90 90.494(4) 90°

Volume 1236.08(6) Å3 868.20(11) Å3 911.23(14) Å3 3344.5(3) Å3 3018.40(16) Å3

Z 4 2 2 4 4
Density (calculated) 1.286 Mg/m3 1.683 Mg/m3 1.687 Mg/m3 1.534 Mg/m3 1.584 Mg/m3

Absorption coefficient 0.676 mm−1 2.148 mm−1 2.270 mm−1 2.926 mm−1 3.390 mm−1

F(0 0 0) 0.676 mm−1 452 474 1592 1464
Crystal size 0.47 × 0.18 × 0.15 mm3 0.41 × 0.23 × 0.21 mm3 0.773 × 0.459 × 0.177 mm3 0.41 × 0.35 × 0.18 mm3 0.37 × 0.33 × 0.28 mm3

Theta range for data
collection

5.084 to 71.489° 5.243 to 71.502° 4.557 to 71.489° 3.977 to 71.319° 3.227 to 71.610°

Index ranges −9≤h≤6, −18≤k≤18,
−13≤l≤12

−6≤h≤8, −10≤k≤10,
−17≤l≤17

−9≤h≤4, −13≤k≤14,
−11≤l≤12

14≤h≤15, −15≤k≤18,
−21≤l≤16

−18≤h≤18, −8≤k≤8,
–33≤l≤27

Reflections collected 7579 5718 2554 14,749 21,150
Independent

reflections
2180 [R(int) = 0.0294] 3299 [R(int) = 0.0187] 2554 [R(int) = 0.1055] 10,404 [R(int) = 0.0309] 2919 [R(int) = 0.0531]

Completeness to
theta = 67.500°

99.9% 99.6% 99.2% 99.9% 99.6%

Absorption correction Semi-empirical from
equivalents

Semi-empirical from
equivalents

Analytical Semi-empirical from
equivalents

Semi-empirical from
equivalents

Max. and min.
transmission

1.00000 and 0.80380 1.00000 and 0.31352 0.700 and 0.355 1.00000 and 0.59703 1.00000 and 0.28996

Refinement method Full-matrix least-squares on
F2

Full-matrix least-squares on
F2

Full-matrix least-squares on F2 Full-matrix least-squares on
F2

Full-matrix least-squares on
F2

Data / restraints /
parameters

2180 / 1 / 168 3299 / 12 / 277 2554 / 7 / 275 10,404 / 113 / 936 2919 / 0 / 201

Goodness-of-fit on F2 1.044 1.043 1.065 1.020 1.096
Final R indices

[I > 2sigma(I)]
R1 = 0.0341,
wR2 = 0.0908

R1 = 0.0327,
wR2 = 0.0864

R1 = 0.0473, wR2 = 0.1259 R1 = 0.0594,
wR2 = 0.1607

R1 = 0.0404,
wR2 = 0.1061

R indices (all data) R1 = 0.0349,
wR2 = 0.0917

R1 = 0.0355,
wR2 = 0.0883

R1 = 0.0483, wR2 = 0.1277 R1 = 0.0694,
wR2 = 0.1762

R1 = 0.0443,
wR2 = 0.1098

Absolute structure
parameter

0.0(3) 0.0028(4) 0.00(5) – –

Extinction coefficient n/a n/a n/a n/a n/a
Largest diff. peak and

hole
0.131 and −0.206 e.Å−3 0.418 and −0.351 e.Å−3 0.722 and −0.493 e.Å−3 1.032 and −0.636 e.Å−3 0.651 and −0.335 e.Å−3
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X-ray quality single crystals. The solid was dried over fused CaCl2in a
desiccator. The product was recrystallized in yield from methanol.
Green, yield (68%) Anal. Calc. for C30H24Cu2N8O2S2 (719.77): C, 50.05;
H, 3.36; N, 15.56. Found: C, 50.04; H, 3.35; N, 15.49%. IR data (KBr
disc, cm−1): 3450, 3071, 2927, 2855, 2361, 2170, 2088, 1609, 1598,
1525, 1499, 1445, 1390, 1299, 1268, 1199, 1095, 937.69, 792, 745,
700, 621, 522, 454 and 428 [Fig. S1(e)].

2.11. Cytotoxicity assay

To analyse cytotoxicity of the synthesized compounds, an MTT
assay was performed on selected cell lines of neuroblastoma (IMR 32),
Breast cancer (MCF 7), Hepatocellular carcinoma (HepG2) and lung
immortal cells (L 132). Cells were exposed to different concentrations of
compounds 1–4 and HL for 24 h. MTT exposure was given for 4 h in the
dark, and then the developed formazan crystals were dissolved in
200 ml of DMSO. Absorbance was measured at 590 nm.

Table 2
Coordination bond lengths [Å] and angles [°] for HL and 1–4.

HL Experimental Data Theoretical Data* Experimental Data Theoretical Data*

O(1)-C(13) 1.218(3) 1.286 N(1)-C(1) 1.341(3) 1.368
N(1)-C(5) 1.355(3) 1.369 N(2)-C(6) 1.287(3) 1.298
N(2)-N(3) 1.368(3) 1.438 N(3)-C(13) 1.361(3) 1.398
N(3)-H(3 N) 0.89(3) 0.91
C(1)-N(1)-C(5) 117.78(18) 117.87 C(6)-N(2)-N(3) 120.15(16) 121.42
C(13)-N(3)-N(2) 120.26(17) 120.56 C(13)-N(3)-H(3 N) 117.6(19) 118.78
N(2)-N(3)-H(3 N) 121.5(19) 121.59 N(1)-C(1)-C(2) 123.8(2) 124.08
N(1)-C(1)-H(1A) 118.1 118.60
1
Ni-N(2) 1.9426(17) 2.0422 Ni-O(1 W) 1.9459(16) 2.1089
Ni-N(1) 2.0029(18) 2.0320 Ni-O(1) 2.0111(15) 2.0218
Ni-O(11) 2.2036(16) 2.2096
N(2)-Ni-O(1 W) 163.04(7) 163.34 N(2)-Ni-N(1) 79.81(7) 81.29
O(1 W)-Ni-N(1) 101.42(7) 102.02 N(2)-Ni-O(1) 79.48(6) 84.88
O(1 W)-Ni-O(1) 97.22(7) 98.38 N(1)-Ni-O(1) 158.89(7) 160.01
N(2)-Ni-O(11) 112.78(7) 112.98 O(1 W)-Ni-O(11) 84.06(7) 85.06
N(1)-Ni-O(11) 95.16(7) 96.36 O(1)-Ni-O(11) 96.53(6) 97.09
2
Cu–N(2) 1.942(4) 2.024 Cu–O(1 W) 1.947(3) 2.048
Cu–N(1) 2.018(5) 2.038 Cu–O(1) 2.032(4) 2.053
Cu–O(2 W) 2.304(4) 2.338 Cu–O(12) 2.495(5) 2.533
N(2)-Cu–O(1 W) 175.80(17) 176.70 N(2)-Cu–N(1) 79.27(18) 80.54
O(1 W)-Cu–N(1) 97.61(18) 98.21 N(2)-Cu–O(1) 79.74(18) 81.78
O(1 W)-Cu–O(1) 103.13(17) 104.25 N(1)-Cu–O(1) 158.58(17) 160.88
N(2)-Cu–O(2 W) 95.7(2) 97.80 O(1 W)-Cu–O(2 W) 87.41(19) 90.48
N(1)-Cu–O(2 W) 95.61(18) 96.98 O(1)-Cu–O(2 W) 90.61(17) 91.68
N(2)-Cu–O(12) 96.5(2) 96.85 O(1 W)-Cu–O(12) 80.66(19) 81.86
N(1)-Cu–O(12) 91.45(19) 92.95 O(1)-Cu–O(12) 86.77(19) 87.76
O(2 W)-Cu–O(12) 166.85(16) 167.89
3
Ni(1)-N(2A) 1.971(3) 2.078 Ni(1)-N(5A) 1.980(3) 2.083
Ni(1)-N(1A) 2.070(3) 2.076 Ni(1)-N(4A) 2.077(3) 2.098
Ni(1)-O(1A) 2.105(2) 2.208 Ni(1)-O(2A) 2.106(3) 2.206
Ni(2)-N(5B) 1.983(3) 2.086 Ni(2)-N(2B) 1.988(3) 2.089
Ni(2)-N(1B) 2.066(4) 2.168 Ni(2)-N(4B) 2.077(3) 2.099
Ni(2)-O(2B) 2.102(3) 2.212 Ni(2)-O(1B) 2.115(3) 2.205
N(2A)-Ni(1)-N(5A) 175.09(12) 176.28 N(2A)-Ni(1)-N(1A) 78.27(12) 80.67
N(5A)-Ni(1)-N(1A) 105.86(12) 106.65 N(2A)-Ni(1)-N(4A) 104.16(12) 105.86
N(5A)-Ni(1)-N(4A) 78.28(12) 80.45 N(1A)-Ni(1)-N(4A) 95.87(11) 96.98
N(2A)-Ni(1)-O(1A) 77.94(11) 80.08 N(5A)-Ni(1)-O(1A) 97.69(11) 98.89
N(1A)-Ni(1)-O(1A) 155.66(11) 156.68 N(4A)-Ni(1)-O(1A) 94.83(10) 95.83
N(2A)-Ni(1)-O(2A) 99.91(11) 101.06 N(5A)-Ni(1)-O(2A) 77.52(11) 80.42
N(1A)-Ni(1)-O(2A) 91.49(11) 92.44 N(4A)-Ni(1)-O(2A) 155.79(12) 156.76
O(1A)-Ni(1)-O(2A) 87.59(11) 88.89 N(5B)-Ni(2)-N(2B) 177.00(13) 176.09
N(5B)-Ni(2)-N(1B) 102.77(13) 102.89 N(2B)-Ni(2)-N(1B) 78.15(13) 78.55
N(5B)-Ni(2)-N(4B) 77.82(13) 77.99 N(1B)-Ni(2)-N(4B) 95.78(13) 95.98
N(2B)-Ni(2)-N(4B) 104.98(13) 105.08 N(2B)-Ni(2)-O(2B) 99.68(12) 99.98
N(5B)-Ni(2)-O(2B) 77.43(12) 77.83 N(5B)-Ni(2)-O(1B) 102.00(12) 102.89
N(4B)-Ni(2)-O(2B) 154.81(13) 155.45 N(1B)-Ni(2)-O(1B) 155.16(12) 155.98
N(2B)-Ni(2)-O(1B) 77.02(12) 77.62 O(2B)-Ni(2)-O(1B) 89.53(12) 89.89
N(4B)-Ni(2)-O(1B) 91.08(13) 91.98
4
Cu–N(5) 1.925(2) 2.098 Cu–N(2) 1.927(2) 2.079
Cu–O(1) 1.9677(17) 2.064 Cu–N(1) 2.016(2) 2.092
Cu-S(1)#1 2.8220(7) 2.902
N(5)-Cu–N(2) 176.60(9) 177.68 N(5)-Cu–O(1) 99.99(8) 100.09
N(2)-Cu–O(1) 80.25(7) 81.65 N(5)-Cu–N(1) 98.53(8) 100.03
N(2)-Cu–N(1) 80.72(8) 80.73 O(1)-Cu–N(1) 159.38(8) 162.89
N(5)-Cu-S(1)#1 96.48(7) 96.98 N(2)-Cu-S(1)#1 86.89(6) 90.08
O(1)-Cu-S(1)#1 92.04(6) 95.94 N(1)-Cu-S(1)#1 94.80(6) 95.76

*Quantum chemical calculations data.
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2.12. Gene expression analysis

IMR 32 cells were incubated in 6 well plates overnight for adhesion.
Cells were exposed to compounds 1 and 3 for 24 h. RNA was isolated
using the TRIzol reagent (Takara). Extracted RNA was quantified using
a Nano Drop spectrophotometer. cDNA was synthesized using a BIO-
RAD iScript cDNA synthesis kit. Real time PCR was performed on cDNA
using a Power up SYBR Green mix (Invitrogen). The primer was de-
signed using BLAST software from NCBI. β-actin was used as a

housekeeping gene for the study (Bcl2: F-5′GCCCGAGAACCTAATGG
CTT3′, R: 5′CTCAGGGACTCACTCTGCTG3′; Bax: 5′GCCCTTTTGCTTCA
GGGTTT3′, R: 5′GGAAAAAGACCTCTCGGGGG3′; β-actin: F- 5′ CCACC
ATGTACCCTGGCATT3′, R: 5′ CGCTCAGGAGGAGCAATGAT3′). Data
were analyzed using comparative ΔCt method for each of the target
gene with reference to housekeeping gene. Statistically significant dif-
ference data was evaluated with parametric ANOVA using Graph Pad
prism software, version 7.

Fig. 2. (a)ORTEP structure of 1, showing the atomic numbering scheme and 30% probability displacement ellipsoids, (b) A view of the weak CH and
interactions for 1 (distances are in Angstroms),(c) Bifurcated and trifurcated H-bonding and weak intermolecular interactions for 1, see Table S1.
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2.13. AO/EB staining

Cells were seeded on Poly L lysine coated with a coverslip in a 6
well-plate. Cells were treated by compounds 1 and 3 for 24 h. After
treatment, the cells were fixed and stained by dual staining (acredine
orange (AO) 4: Ethidium bromide (EB) 1) for 20 min in the dark. Cells
were rinsed by PBS ad observed under a fluorescent microscope.

3. Results and discussion

3.1. Synthesis and characterization

Reaction between the metal(II) salts and the HL ligand mixed in a
1:1 ratio in methanol lead to the three mononuclear complexes (1–3).
In a similar manner, complex 4 was synthesized by taking copper
perchlorate hexahydrate, HL, and NH4SCN as a co-ligand in a 1:1:1
ratio in methanol. These complexes were characterised by elemental
analysis, UV–visible, IR and electrochemical techniques. Finally, these
complexes were analyzed by single crystal X-ray diffraction and the
structures of mono/binuclear complexes [Ni(HL)(NO3)(H2O)]NO3 1,
[Cu(HL)(H2O)2]2NO3 2, [Ni(HL)2]2ClO4 3 and [Cu2(µ-SCN)2(L)2] 4
were obtained. The complexes showed a molar conductivity ( M) of
130 for 1, 128 for 2 and 210 Ω cm−2 mol−1 for 3 in DMSO solution
corresponding to ratios of 1:1 (1 & 2) and 1:2 (3) for the electrolyte.
Complex 4 shows a molar conductance of 15 Ω cm−2 mol−1 which
corresponds to a non-electrolyte in nature.

3.2. Crystal structure of ligand (HL)

The molecular structure of ligand (HL) with atomic labeling is
shown Fig. 1a. HL crystallizes in the orthorhombic system with space
group Pna21. The ligand molecule shows a Z molecular confirmation
about the>C]N- bond. The N(2)-N(3) bond length of 1.368(3)Å, is
shorter than a single bond length of 1.411 Å, and displays double bond
character (Schiff base formation) [26]. The C(6)eN(2) and C(13)eO(1)
bond lengths of 1.287(3) Å and 1.218(2) Å are also of double bond
character [27]. The PyeC(6)eN(2)eC(13)]O(1) Skelton in HL is
planar owing to presence of an N(3)eH N(1) intra-molecular hy-
drogen bond. The molecular packing is dominated by a network of N(3)
eH N(1) intra-molecular H-bonds (Fig. 1b). Beside intra-molecular H-
bonding, weak CH interactions are present respectively. Similarly,
weak CH intermolecular distances (CH of a py/phenyl ring with a
electron of the py/phenyl rings) are in the range 2.756–3.531 Å

(Fig. 1c). One more weak CH intermolecular interaction (CH of an
acetyl group with a electron from a pyridine ring) is present with a
distance of 3.127 Å. Crystal packing of HL viewed along the a-axis (Fig.
S2a).

3.3. Description of molecular structures

The crystallographic parameters of these complexes are presented in
Table 1, whereas the relevant bond angles and bond length are given in
Table 2.

An ORTEP representation of molecular structure 1 including the
atomic numbering scheme is shown in Fig. 2(a). Complex 1 has a penta-
coordinate structure. The nickel atom is coordinated by three oxygen
atoms (O1, O11 and O1W) and two nitrogen atoms (N1, N2). There are
two nitrogen atoms and one oxygen atom from the tridentate ligand
(HL) and one oxygen atom (O1W) from a coordinated water molecule
in the equatorial plane and one terminal oxygen atom(O11) from a
nitrate ion in the axial position. The NieO bond length of 2.2036(16) Å,
in the axial position, is clearly longer than the NieO equatorial bond
length, 1.9459(16) Å. The distances of the Ni-N1, Ni-N2 and Ni-O are
2.0029(18) Å, 1.9426(17) Å and 2.0111(15) Å, in agreement with the
values of a similar Ni(II) complex [27]. The value of the structural index
( index) [28] is 0.069 [ =( - )/60, where = N(1)-Ni-O
(1) = 158.89(7) ° and = N(2)-Ni-O(1 W) = 163.04(7)°; for perfect
square pyramidal and trigonal bipyramidal geometries, the values are
zero and unity [29], respectively]. Thus, such a low structural index
value suggests a slightly distorted square pyramid geometry. The mo-
lecular structure of this complex is comparable to those of similar
square pyramidal complexes reported in the literature [30]. A unique
interactions between coordinated water molecules and chelate rings
(lp ) has been observed, by single crystal X-ray analysis [31]. One
oxygen atom from a coordinated nitrate ion forms a weak inter-
molecular interaction with a lone pair electron of a metal chelate with
short distances of 2.854 Å [32]. Besides these interactions, there are
weak (aryl-aryl) intermolecular interactions in a slipped pattern
between the pyridyl rings with centeroid-centeroid distances of
3.691 Å, Fig. 2(b), Table 3. Thus, the crystal structure of this complex is
stabilized by weak intermolecular H-bonds, ln (metal chelate)
[Fig. 2(b)] and (aryl-aryl) interactions. Hydrogen atoms of co-
ordinated water molecules form trifurcated H-bonding and weak in-
termolecular interactions with nitrogen and oxygen atoms of an un-
coordinated nitrate ion (O1W-H O21, O1W-H N5 and O1W-H O22).
Similarly, H-atoms of the metal chelate ring form trifurcated H-

Fig. 2. (continued)
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bonding and weak intermolecular interactions with N and O atoms of a
coordinate nitrate ion from another unit of the complex (-CH O21,
-CH N5 and -CH O22) Fig. 2(c), Table S1. Crystal packing of 1
viewed along the a-axis in Fig. S2(b).

The molecular structure of 2 is a penta-coordinated mononuclear
complex. An ORTEP representation of 2 including the atomic num-
bering scheme is shown in Fig. 3(a). Complex 2 crystallized in the
monoclinic lattice with space group P21. The X-ray diffraction data for
this Cu(II) complex is given in Table 1 and the selected bond lengths
and angles are summarized in Table 2.The Cu atom is five-coordinate

with a ligand and two water molecules. The acethydrazone ligand, HL,
is coordinated to a Cu(II) atom in the expected tridentate fashion,
forming a five-membered chelate ring. In this molecular structure, the
coordination geometry around the Cu atom is described as distorted
square pyramidal ( = 0.287) [28]. Distances of coordinated water
molecules were found to be 2.304(4) Å, and 1.947(3) Å for CueO(2 W)
and CueO(1 W), respectively. In addition, the CueO(1) carbonyl dis-
tance was found to be 2.032(4) Å. The CueN(1)and CueN(2) distances
were found to be 1.942(4) Å and 2.018(5) Å, in agreement with the
value of a similar copper complex [33]. Comparing the above data, the

Table 3
Hydrogen bonds and weak intermolecular interactions for HL and 1-4 [Å and °].

D-H...A d(D-H) d(H...A) d(D...A) < (DHA) Symmetry transformations used to generate equivalent atoms

HL
N(3)-H(3N)...N(1) 0.89(3) 2.01(3) 2.675(2) 130(2) #1 -x+1,-y+1,z-1/2
C(2)-H(2A)...O(1)#1 0.95 2.51 3.241(3) 133.5
1
O(1W)-H(1W1)...N(5)#1 0.831(17) 2.56(2) 3.269(2) 145(3) #1 -x+2,-y,-z #2 x-1,y,z #3 -x+2,-y+1,-z
O(1W)-H(1W1)...O(23A)#1 0.831(17) 1.85(3) 2.67(3) 167(3)
O(1W)-H(1W1)...O(23B)#1 0.831(17) 2.09(2) 2.905(11) 168(3)
O(1W)-H(1W2)...N(5) 0.844(17) 2.60(2) 3.392(2) 157(3)
O(1W)-H(1W2)...O(21A) 0.844(17) 1.90(2) 2.738(14) 175(3)
O(1W)-H(1W2)...O(22A) 0.844(17) 2.57(3) 3.157(7) 128(3)
O(1W)-H(1W2)...O(21B) 0.844(17) 1.84(2) 2.678(5) 170(3)
N(3)-H(3N)...O(11)#2 0.94(3) 2.59(3) 3.200(2) 123(2)
N(3)-H(3N)...O(13)#2 0.94(3) 1.88(3) 2.801(2) 165(3)
N(3)-H(3N)...N(4)#2 0.94(3) 2.59(3) 3.442(2) 150(2)
C(1)-H(1A)...O(22A) 0.95 2.39 3.334(6) 175.7
C(1)-H(1A)...O(22B) 0.95 2.29 3.163(3) 153.1
C(2)-H(2A)...O(22A)#3 0.95 2.63 3.487(7) 150.8
C(2)-H(2A)...O(22B)#3 0.95 2.54 3.463(4) 164.7
C(4)-H(4A)...O(21B)#4 0.95 2.64 3.373(5) 134.8
C(14)-H(14C)...O(13)#2 0.98 2.55 3.362(3) 140.8
2
O(1W)-H(1W1)...O(21) 0.82(2) 1.91(4) 2.685(7) 156(8) #1 -x+1,y-1/2,-z+1 #2 x+1,y,z+1
O(1W)-H(1W2)...O(11)#1 0.82(2) 1.92(3) 2.687(7) 156(7) #3 x-1,y,z #4 -x+1,y-1/2,-z+2
O(2W)-H(2W1)...O(11)#1 0.82(2) 2.34(5) 3.013(6) 140(8)
O(2W)-H(2W1)...O(12)#1 0.82(2) 2.58(6) 3.140(7) 127(6)
O(2W)-H(2W2)...O(21)#1 0.82(2) 1.98(4) 2.773(7) 162(8)
N(3)-H(3B)...N(5)#2 0.88 2.66 3.493(7) 158.4
N(3)-H(3B)...O(22)#2 0.88 2.20 3.042(7) 160.6
N(3)-H(3B)...O(23)#2 0.88 2.47 3.140(8) 133.1
C(2)-H(2A)...O(2W)#3 0.95 2.52 3.397(7) 153.3
C(4)-H(4A)...O(11)#4 0.95 2.52 3.449(7) 164.4
C(14)-H(14B)...O(22)#2 0.98 2.56 3.457(9) 151.9
3
N(3A)-H(3AB)...O(11) 0.88 2.24 2.884(4) 130.3 #1 -x+2,-y+1,-z+1 #2 -x+1,-y+1,-z+1 3 -x,-y+2
N(6A)-H(6AA)...O(2W) 0.88 1.85 2.715(5) 168.1 -z #4 -x+1,-y+2,-z #5 -x+1,-y+1,-z #6 x,y,z-1
C(1A)-H(1AA)...O(31) 0.95 2.64 3.514(7) 153.5
C(15A)-H(15A)...O(44)#1 0.95 2.51 3.173(6) 126.8
C(28A)-H(28A)...O(41)#2 0.98 2.44 3.388(5) 161.6
C(28A)-H(28B)...O(2W) 0.98 3.03 3.359(6) 101.3
N(3B)-H(3BB)...O(1W) 0.88 1.86 2.717(4) 164.8
N(6B)-H(6BA)...O(41) 0.88 2.40 2.984(5) 124.2
C(1B)-H(1BA)...O(14)#2 0.95 2.50 3.289(6) 140.1
C(2B)-H(2BA)...O(22A)#3 0.95 2.42 3.278(12) 150.6
C(4B)-H(4BA)...O(21) 0.95 2.62 3.36(2) 134.6
C(14B)-H(14E)...O(22)#4 0.98 2.53 3.094(18) 116.2
C(14B)-H(14F)...O(1W) 0.98 2.50 3.326(6) 142.3
C(15B)-H(15B)...O(24A)#4 0.95 2.19 3.040(10) 148.7
C(28B)-H(28E)...O(13)#2 0.98 2.54 3.277(8) 132.3
C(28B)-H(28F)...O(4WB)#5 0.98 2.34 2.991(13) 123.6
O(1W)-H(1W1)...O(24)#4 0.820(17) 2.36(5) 2.860(18) 120(4)
O(1W)-H(1W1)...O(23A)#4 0.820(17) 2.24(3) 2.955(8) 146(4)
O(1W)-H(1W2)...O(4WA) 0.816(17) 1.921(19) 2.736(6) 177(6)
O(1W)-H(1W2)...O(4WB) 0.816(17) 2.12(4) 2.788(12) 139(6)
O(2W)-H(2W1)...O(3W) 0.806(17) 1.91(2) 2.673(6) 157(5)
O(3W)-H(3W2)...Cl(4) 0.830(18) 2.86(4) 3.656(5) 160(8)
O(3W)-H(3W2)...O(42) 0.830(18) 2.58(5) 3.303(7) 147(7)
O(3W)-H(3W2)...O(43) 0.830(18) 2.17(4) 2.910(6) 148(7)
O(4WA)-H(4W2)...O(2A)#6 0.823(18) 2.29(6) 2.965(5) 139(8)
O(4WB)-H(4W4)...O(12)#6 0.821(19) 2.09(14) 2.735(14) 135(17)
4
C(2)-H(2A)...O(1)#2 0.95 2.51 3.418(3) 159.5 #1 -x+1,-y+2,-z+1 #2 x+1/2,-y+3/2,-z+1
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bond length of CueN(2) was shorter than any other bond length, in-
dicating that the coordinated ability of the CueN(2) bond was the
strongest. The bound and free nitrate anions behave as H-bond accep-
tors towards the aqua and acetyl moieties of the HL ligands resulting in
the formation of a supramolecular network (Fig. 3a). In this supramo-
lecular cluster three types of H-bond interactions are found (i) classical
H-bonds between H atom of the acetyl moiety from the HL ligands and
an O atom of a free nitrate ion. (ii) bifurcated H-bonds between the H-
atom of a bound water and a bound nitrate ion and (iii) trifurcated H-
bonds and weak intermolecular interactions between H atoms of the NH
moiety from HL and O and N atoms of free nitrate ions. Details of the
various types of H-bond interactions involving water molecules, nitrate
anions, and NH/CH3 groups from HL are shown in Fig. 3(c) (Table 3)
for this complex. Thus, molecules of complex 2 are firmly connected by
different types of classical H-bonds and weak H-bond intermolecular
interactions with distances ranging from 1.921 to 2.659 Å. Crystal
packing of 2 viewed along the a-axis in Figure S 2 (c).

The X-ray single crystal structure of 3 is a mononuclear complex. An
ORTEP representation of molecular structure for 3 including the atomic
numbering scheme is shown in Fig. 4(a). The X-ray diffraction data for
this Ni(II) complex is given in Table 1 and the selected bond lengths and
angles are summarized in Table 2. Complex 3 crystallizes with two
independent molecules in the asymmetric unit in the triclinic space
group P1with a = 12.2765(6), b = 15.0985(8), c = 18.1055(7) Å. The
Ni(II) ion is six-coordinate in a distorted octahedral geometry relative
to the ideal geometry reflected by the bond angles around the centre Ni
atoms ranging from 87.59(11)o to 175.09(12)°. There are two nitrogen
atoms and one oxygen atom (N1, N2 and O1) from the tridentate HL
ligand and another pair from the same ligand coordinated to the Ni
atom. The coordination around the Ni atom forms an N4O2 chromo-
phore. In molecule A, the basal plane of this complex is constructed by
two azo nitrogen’s (N2A, N5A), one pyridine nitrogen (N4A) and a
carbonyl oxygen (O2A), while the apical positions are occupied by
another pyridine nitrogen (N3A) and a carbonyl oxygen (O1A).The Ni-
O bond distances in the axial position [2.105(2) Å and 2.106(3) Å] are

clearly longer than the Ni-N equatorial bond distance (1.971(3) Å),
attributed to the Jahn-Teller effect [34]. The distances of Ni(1)-N(1A),
Ni(1)-N(2A) and Ni(1)-O(1A) are 2.070(3), 1.971(3) and 2.105(2) Å,
which agrees with data of reported nickel(II) complexes [35]. OeH
is the interaction of a hydrogen atom with a -system of an aromatic
ring. The classical image of an OeH interaction is a T shape with
interacting hydrogen atoms approximately directly over the centre of
the aromatic ring c. Measurements of distances c H (d CH), and
c O (d CH) and horizontal distance (2.512 Å) were estimated

(Fig. 4c). Two angles (angles formed between the ring centre, hy-
drogen and donor atoms and (angles of approach of the vector H C to
the place of the aromatic rings) were also recorded. In the present
complex, two categories of OeH (phenyl) intermolecular interac-
tions were measured. Type I, OeH interactions have the distance
c H (d CH) 2.512 Å; c O (d CH) 3.242 Å and 0.2 Å and angles ,

83.61°; , 152.22°. Similarly, for type II interactions these values are
c H (d CH) 3.210 Å; c O (d CH) 3.360 Å and 0.69 Å and angle ,

93.46°; , 152. Complex 3 also contains weak OeH (phenyl) inter-
molecular interactions. The existence of such interactions has been a
subject of considerable study [35,36]. Crystal packing includes nu-
merous N-H O, classical intra-molecular H-bonds and a vast array of C-
H O and O-H O weak inter-molecular interactions that contribute to
a supramolecular structure, Fig. 4(d), Table 3. Crystal packing of 3
viewed along the a-axis (Figure S 2 e).

The crystal structure of 4 is a dinuclear complex, with an ORTEP
drawing and atom numbering scheme shown in Fig. 5(a). The dimeric
moiety contains two copper(II) atoms (Cu1 and Cu1A), which are
symmetrically bridged by two thiocyanate anions, while the molecule
of the tridentate L− ligand (with deprotonation of the hydrazone
backbone) is N-coordinated to each copper atom. The separation of the
intramolecular Cu1 Cu1A bond length is 5.5034(5) Å. The copper
centres are located in a distorted square pyramidal [NNO + N + S]
coordination environment as revealed by the addition parameter,
= 0.287. The two thiocynate ligands bridge as µ-1, 3-SCN-equator-

ial–axial (EA) bridging ligands and bridge two Cu(II) ions with a

Fig. 3. (a) ORTEP structure of 2, showing the atomic numbering scheme and 30% probability displacement ellipsoids. Dashed lines indicate O-H O intermolecular
H-bonds, (b) A view of the weak CH interactions for 2 (distances are in Angstroms), (c) Bifurcated and trifurcated H-bonding of 2 (see Table S1).
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separation of 5.503(6) Å and result in the formation of a binuclear unit.
The equatorial sites are occupied by tridentate HL ligands, coordinated
by N1, N2, O1 and two bridging thiocynate groups coordinated in a
“symmetric” end-to-end fashion (One via N and other via S) and a N
donor atom of an unsymmetrical end-to-end bridge. The axial positions
are occupied by a weakly bonded S- donor atom from the second
thiocynate bridge, such that the Cu S(1)#distance is 2.8220(7) Å
(symmetry operation: 1-x + 1,-y + 2,-z + 1) and the bond angle of the
axially coordinated Cu-S(1)#-C(15) is 97.91° The Cu-S bond distance is
comparable to similar µ-1,3-SCN- bridged complexes. The Cu–N and
Cu–O distances agree well with similar five-coordinate µ-1,3-SCN-
bridged complexes [37]. The copper atom is 0.101 Å above the basal
plane in the direction of the apex, which is usual for square pyramidal
geometry. The two dimeric units are shown in Fig. 5a. The two pyridyl
moieties of each of the dimeric units also show stacking

interaction distances of 3.727 Å, which is similar to stacking in-
teraction maximum limited distances, Fig. 5(b) [38]. Intermolecular
hydrogen bonding observed in between CeH of aryl group and O atom
of HL ligand Fig. 5(c). Crystal packing is influenced by weak C—H…O
intermolecular interactions forming chains along [0 1 0], Fig. S2 (d).
This stacking interaction leads to the formation of a three-dimensional
supramolecular structure. The basal coordination positions are held by
three nitrogen atoms (N1, N2 and N5) and one oxygen atoms (O1). The
distances of Cu–N (1), Cu–N (2) and Cu–N (5) are 2.016(2), 1.927(2)
and 1.925(2) Å, in agreement with the value of a similar bridged Cu(II)
complex [37].

3.4. Electronic spectra

The electronic spectra of the ligand and four complexes were

Fig. 3. (continued)
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recorded in DMSO at ambient temperature. The ligand (HL) shows two
bands, including an intense band at 303 nm and a weak band found
near 382 nm. These may be assigned to - * and n- * electronic
transitions, respectively. The electronic spectra of complex 1 also in-
dicate a d-d ligand-to-metal band transition at 682 nm. In addition, a
charge transfer band at 380 nm and one – * band at 300 nm are
observed. Ligand HL forms stable five-coordinate distorted square-
pyramidal complexes with Ni(II), which is not prone to add a sixth
donor group. A coordination number of five is relatively rare for Ni
(II),which much more often tends to form high-spin octahedral or low
spin square-planar complexes [39]. In five-coordinate nickel(II) com-
plexes special steric properties are operative, therefore, crowding
around the metal ion is large enough to prevent a sixth coordination site
[40]. The electronic spectrum of complex 3 is typical of a distorted
octahedral complex. This complex exhibits bands near 980( 1),
832( 2), and 585( 3) nm [41], corresponding to the spin allowed d-d
transitions of 3A2g

3T2g(F) ( 1), 3A2g
3T1g(F) ( 2) and 3A2g

3T1g(P)
( 3), respectively (Fig. 6). These electronic transitions agree with the

literature values for nickel(II) octahedral complexes [41]. Both copper
(II) complexes show broad bands at 681 nm and 684 nm for 2 and 4,
respectively (Fig. 6a). In addition, charge transfer bands are observed at
380 nm and 378 nm in complexes 2 and 4, respectively (Fig. 6b). Strong
absorption bands in regions around 300 nm are also due to n- * and
- * transitions. Such electronic transitions indicate square-pyramidal
geometry.

3.5. Electrochemical properties

The electrochemical behavior of complexes 1–4 was explored using
cyclicvoltammetry (CV) and differential pulse voltammetry (DPV) in
DSMO solutions containing 0.1 M tetrabutyl ammonium perchlorate,
[(Bu)4N]ClO4. Both nickel(II) complexes 1 and 3 show two redox
waves. One representative CV for the nickel(II) complexes is shown in
Fig. 7a.The potentials of the NiII/ NiI and NiI/ NiII redox couples for
these two complexes are −0.147 V and −0.389 V for 1 and −0.027 V
and −0.771 V for 3. The complexes containing pyridine donor atoms

Fig. 4. (a) ORTEP structure of molecule 3a, showing the atomic numbering scheme and 30% probability displacement ellipsoids. (b) ORTEP structure of 3b, showing
the atomic numbering scheme and 30% probability displacement ellipsoids. (c) A view of the weak H interactions (dashed lines) for 3,; (d) A view of an OeH
interaction is a T shape with interacting hydrogen atoms approximately directly over the centre of the aromatic ring c. (e) Bifurcated and trifurcated H-bonding and
weak intermolecular interactions for 3, see Table S1.
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are insufficient for stabilization of NiI [42]. Steric and electronic factors
appear to be necessary for the ability of nitrogen ligands to stabilize the
NiI oxidation state. Additionally, complexes having ligands with long
pendent arms are expected to form thermodynamically weaker com-
plexes with NiII than their short analogues [43], resulting in positive or
less negative reduction potentials for the redox couples [44]. Similar
observations were observed from the DPV experiments. Differential
pulse voltammograms of these complexes showed two reduction waves
similar to the CV experiment. The CV of the five-coordinate complexes
reported in the literature showed similar two redox waves in the cyclic
voltammogram of five-coordinate copper(II) mononuclear complex 2,
and also shows similar behavior to that for nickel(II) mononuclear

complexes 1 and 3. A µ-1, 3 thiocynate bridged complex has also
showed two reduction waves of two metal centers, corresponding to
two separate couples (1) and (2) in:

Cu Cu Cu CuII II II I (1)

Cu Cu Cu CuII I I I (2)

But, both reduced copper(II) centers oxidized at the same potential.
Two reduction waves are observed in the DPV (Fig. 7b)

Fig. 4. (continued)
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3.6. Quantum chemical analysis

Quantum Chemical calculations have been performed on complexes
1–4 in order to examine their corresponding theoretical geometrical
parameters (bond lengths and bond angles). These results are in good
agreement with the experimental parameter values (Table 2) and have
been evaluated for comparison of the bond lengths and bond angles
between the quantum chemical optimized and single crystal X-ray de-
termined structures of HL and complexes 1–4. The geometries of
complexes 1–4 were fully optimized by the DFT/B3LYP method. The
geometry optimized structures of HL and complexes 1–4 are re-
presented in Fig. S3. The theoretical model was used for the DFT cal-
culations and theoretical model are also represented in Fig. S3. Selected
highly occupied molecular orbitals (HOMO) and lowly unoccupied
molecular orbital (LUMO) structures for 1–4 are shown in Fig. 8. The
energy gap, ΔE, is a very important parameter for biological chemical
activity [45]. From this, one can gain insight on the way that the mo-
lecule interacts with other species. Hence, they are called the frontier
molecular orbitals. The HOMO is the orbital that primarily acts as an

electron donor and the LUMO is the orbital that largely acts as the
electron acceptor [46]. The HOMO-LUMO energy gap is 2.1051 for 1,
3.8662 for 2, − 0.3975 for 3 and 2.0910 eV for complex 4. The value of
the energy gap in the contour plots reflects upon its catalytic activity
[47]. The HOMO-LUMO energy gap for complex 3 is the lowest, in-
dicating a relationship with the highest SOD data and may be con-
sidered as an active centre for the antioxidant reagent [48]. The cor-
responding spin-density representations for 1–4 are shown in Fig. 9.
The quantum chemical spin density plots for complexes 1–4 are shown
in Fig. 9. Fig. 9 illustrates the spin densities for ground state S = 1/2 in
complexes 1–3 and S = 0 in complex 4. The spin densities around the
copper centres resemble an dx y2 2 orbital with a contribution from dz2.
The coordinated copper and donor atoms (N and O) of the coordinated
tridentate Schiff base carry the spin densities with the same sign due to
the spin-delocalization effect. In complexes 1–3 the -conjugated hy-
drocarbon also carry spin density due to a spin-polarization mechanism
[49], whereas in binuclear complex 4 the -conjugated hydrocarbon
network does not carry spin density. In binuclear complex 4 the brid-
ging moieties also carry spin density Fig. 9(d).

Fig. 5. (a) ORTEP drawing of 4, showing the atomic numbering scheme of the asymmetric unit and 30% probability displacement ellipsoids. (b) A view of the weak
CeH and intermolecular interactions in 4.
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3.7. Magnetic properties

The magnetic susceptibility data for copper(II) mono and binuclear
complexes (2 and 4) were collected and evaluated. A magnetic sus-
ceptibility measurement for mononuclear complex 2 was carried out at
room temperature whereas for binuclear complex 4, susceptibility data
were measured in the temperature range 300–3 K. The temperature
dependence of the χM T product for complex 4,with χM being the molar
magnetic susceptibility per Cu2+ ion and is shown in Figure S 4. The
experimental χM T value is 0.37 ± 0.01 cm3 K mol-1 in the 2–300 K
temperature range and, therefore, indicated no significant magnetic
interactions between the Cu2+ ions. Never-the-less, a fit of the magnetic
data using the Bleany-Bowers equation (H = -J S1S2), considering the
molar magnetic susceptibility per dimer, was carried out. The values
obtained from this fit, g = 1.99 and J = 0.08 cm−1, confirm that the
magnetic interactions between metal centres in this compound are al-
most negligible. The magnetic behavior observed for 4 is similar to that
of most bis(µ-NCS) copper (II) complexes, in which only small or neg-
ligible magnetic interactions are observed [50]. The weak anti-
ferromagnetic coupling (J = 0.08(1) cm−1) is obviously due to the
larger distance [5.5034(5)] among copper(II) centres. Two similar di-
nuclear copper(II) complex with Schiff base blocking ligand bridged by
end-to-end thiocyanate is reported [51]. The structural and magnetic
parameters for end-to-end bridged copper(II) complexes with tridentate
NNO donor Schiff bases given in Table 4.

3.8. EPR spectroscopy

X-band EPR spectra of the copper(II) complexes have been mea-
sured in the polycrystalline state and in DMSO solution (3.0 mmol) at
RT and 77 K, respectively. EPR spectroscopy is a useful technique for
discriminating between mono-and binuclear copper(II) species. The X-

band EPR spectrum of 2 in the polycrystalline state at room tempera-
ture (RT) is shown in Fig. 10.

The ΔMs = 1 transition at RT shows two broad signals at 2840G and
3085G, which are characteristic ΔMs = 2 transitions. Such EPR spectral
features, confirming two spin-coupled, axially symmetric copper(II)
centres(singlet–triplet transitions) with ΔMs = 1 and ΔMs = 2 transi-
tions [52]. However, copper hyperfine spectral features are not visible
in either ΔMs = 1 and ΔMs = 2 regions. The strong half-field signal
(ΔMs = 1) at 1620G [52] identifies from coupling between S = 1/2
metal ions. Such spectral features are due to intermolecular magnetic
dipole interactions and double/triple strand H-Bonding between acetyl
oxygen and coordinated water molecules, as well as nitrate ions, which
are also responsible for the above spin-spin interactions, in agreement
with the X-ray structure. This EPR spectrum seems to be an “axial”
spectrum with the apparent two g- values (g = 2.201 and
g = 2.069), ge = 3.74 and D = 0.026 cm−1. The value of D is similar
to other known complexes [53].The geometry parameter, G, a measure
of exchange interaction between two paramagnetic centres, was esti-
mated [52]. If G >4, the interaction is negligible and G < 4 indicates an
exchange interaction. For complex 2, the value of G = 2.978, indicates
a strong exchange interaction in the poly crystalline state. Such EPR
spectral features following in the polycrystalline state are shown to be
due to coordinated water molecules and the presence of anionic nitrate
ions to form intra and intermolecular H-bonds. The frozen DMSO so-
lution shows two kinds of g features, i.e. two kinds of copper nuclei
with different structures, are present in solution. The frozen solution
spectrum exhibits the usual line shape for the mononuclear copper(II)
complex with g > g >2.03, showing axial symmetry [53]. The low
temperature (77 K) X-band EPR solution spectra of both copper(II)
complexes (2 and 4) are almost similar and typical of magnetically
coupled mononuclear copper(II) complexes [54]. Six resolved hyperfine
lines observed in the g region in the low temperature spectrum of 2,

Fig. 5. (continued)
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indicate the presence of more than one copper nuclei. Therefore, these
nuclei interact with each other in solution and show exchange inter-
action in the system. In the case of complex 4, the polycrystalline
structure collapses in DSMO where mononuclear units are formed (Fig.
S5).

The low temperature spectrum of complex 4 is characterized by
axial symmetry with unpaired electrons in the dx y2 2 orbital. The bi-
nuclear complex breaks through a C S bond with the formation of a
discrete [Cu(L)2(NCS)] species(g = 2.218, g = 2.069 and
A = 148×10−4 cm−1). The formation of a mononuclear species after
the dissociation of the polycrystalline sample in a DMSO like co-
ordinating solvent has been reported for some other known thiocynate
bridged copper(II) complexes. [55] A polycrystalline sample of thio-
cynate bridged complex 4 was measured at room temperature. The X-
band EPR spectrum is characterized by rhombicity and three g- values
(gx = 2.217, gy = 2.130 and gz = 2.077) with the observed trend gx>,
gy > and gz> ge. In this EPR spectrum, no resonances bellow 2700G and
above 3300G were observed. In such a spectrum, the ground state can
be described as a linear combination of dx y2 2 and dz2 orbitals [52]. The
rhombicity parameter, R = (gy-gz/gx-gy) is indicative of the pre-
dominance of a dx y2 2 and dz2 orbital. If it is R< 1, a greater contribution
to the ground state arises from dz2 and if it is R< 1 the greater con-
tribution to the ground state arises from the dx y2 2 orbital [52]. The
value of R of this thiocynate bridged complex is 0.6, which confirms the
distorted square pyramidal geometry around each copper(II) center
with a dx y2 2 ground state orbital [56].

3.9. Cytotoxicity assay

The anticancer activities of synthesized complexes toward human
IMR 32 (neuroblastoma), MCF7 (breast cancer), HepG2 (hepatocellular
carcinoma), L132 (lung cells) cell lines have been explored by MTT (3-
(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay.
The MTT assay is a convenient method to examine the in vitro antic-
ancer activity of compounds against cancer cells [57]. Percent inhibi-
tion of each concentration of the compounds was calculated using the
formula, % inhibition concentration = 100 – (OD of treated/OD of
Control)*100. A graph was plotted using Origin software and
IC50values for each compound were calculated (Table 5). On IMR 32
cells, the cytotoxicity of 3 was measured to be significant (0.0669 µM)
amongst the other compounds. For cytotoxicity on IMR 32 cells,
1(0.1373 μM) was found to be second on an effective synthesis. The
IC50 value of cytotoxicity exposure, on MCF 7 cells, was highest with 3
(0.0745 μM) and that was followed by 1 (0.1096 μM). The same trend
of inhibition by compounds 3 (0.0553) and 1(0.1007 μM) was observed
on cells of HepG2 (Fig. 11). It was evident that complex 3 exhibited
higher cytotoxicity than the other compounds against all the cell lines.

3.10. Gene expression study

Derived cytotoxicity of different compounds represents a

Fig. 6. (a) UV–visible spectra of copper(II), (2 & 4) and nickel(II) (1 & 3)
complexes in 6.0 × 10−5 M DMSO solution. UV–visible spectra of copper(II) (2
& 4) and nickel(II) (1 & 3) complexes in 3.0 × 10−3 DMSO solution.

Fig. 7. (a) Cyclic voltammograms for 1–4 in DMSO at an Ag/AgCl electrode
with a scan rate 100 mV s−1and a temperature of 25 °C. (b) Differential pulse
voltammogram (DPV) for HL and 1–4 at room temperature using a scan rate
20 mV s−1 in DMSO. The pulse amplitude is 50 mV.
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mitochondrial metabolic state. These results were analysed in ac-
cordance with the earlier reported results [58]. Further, to prove that
the compounds disturb mitochondrial homeostasis and escort cell
death, we have performed mitochondrial specific gene expression
analysis. Bax and Bcl-2 genes were selected for the study. Relative ex-
pression of these genes was observed using β actin as the housekeeping
gene. Profound expression of Bcl-2 was observed in the cancerous cells
and that is required for survival of cancerous cells. The phenomenon of
a low level of Bax was also observed to support restless function of the
mitochondria for cancer cell survival and proliferation. An altered
phenomenon was observed during treatment given by 1 and 3 (selected
based on the cytotoxicity result). The level of Bcl-2 was observed
fold decreased due to 24 h of 1 and 2 treatments (Fig. 12). The fold
expression for Bax was observed to be higher in the cancerous cells of
IMR32. Compound 1 was observed to be more effective than 2.

3.11. AO/EB staining

To observe cell death characteristics, acridine orange and ethidium
bromide staining was performed. Dual staining provides information of
necrotic and programmed cell death induced by the given treatment of
any compound. Acridine orange gives a stain to viable cells whereas
ethidium bromide gives a stain to necrotic cells. Cells undergone for
programmed cell death were stained by both the stains. IMR 32 cells
were incubated for 20 min in dual staining after 24 h of treatment.
These cells showed characteristics of apoptosis (Fig. 13).The apoptotic
feature was observed as a green and red dual fluorescence emitted by a
single cell.

The a neoplastic activity of 3 can be attributed to a stronger DNA
binding ability by deeper insertion between two DNA base pairs via an

activating apoptotic inducing factor, consequently leading to cell death.
The morphological examination of these cells along with the dual
staining results showed apoptotic characteristics. This phenomenon is
also supported by a lower expression of Bcl2 and a higher expression of
Bax. Potential anti-cancerous activity of Cu complexes has also ob-
served by Hussain et al. [59]. They proposed that the antiproliferative
activity of a copper compound is due to its activity on Cox-2. In their
studies, a Cu complex works as Cox-2 inhibitors and leads to cell death
in MCF 7 cells. Our outcomes are also supported by the results of
Scarpellini and co-workers [60]. According to their conclusions, copper
complexes can promote phosphate diester hydrolysis and DNA damage
that induce apoptosis in cancerous cells. Copper complexes catalytically
cleave target DNA base pairs in the absence of a reductant at multiple
positions of a nucleotide [61]. The apoptotic effect of a nickel com-
pound was also observed by Bal-Demirci et al. [62]. They have sug-
gested that caspase 3 activation is the key responsible factor to induce
cell death in a cell.

3.12. Antioxidant SOD activity

All the synthesized mono and binuclear complexes (1–4) show
catalytic activity towards the dismutation of superoxide anions. The
antioxidant SOD activities of complexes (1–4) were determined by the
NBT assay method using alkaline DMSO as the source of O2

•─. The
concentration needed to yield 50% inhibition of the reduction of NBT
known as IC50, was calculated. 23b In this method O2

•─ generated by
alkaline DMSO reduces yellow nitro blue tetrazolium (NBT) to the blue
formazan, which is measured spectrophotometrically at 560 nm.
Therefore, compounds can compete with NBT for oxidation of the
generated O2

•─. Scavengers (compounds) are able to inhibit the

Fig. 8. HOMO-LUMO electron distribution plots and ΔE energy gap calculations (eV) for complexes HL and 1–4.
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formation of blue formazan. The catalytic rate constant (kMcCF) was also
evaluated for these complexes. The kinetic catalytic constant kMcCF was
calculated by the formula kMcCF = kNBT ×[NBT] / IC50, where
kNBT = 5.94 × 10−4 (mol L–1)−1 s−1 is the second order rate constant

for NBT [23b]. The kinetic catalytic constant (kMcCF) of 1–4 are
7.39 × 10−4 (mol L–1)−1 s−1, 20.79 × 10−4 (mol L–1)−1 s−1,
5.28 × 10−4 (mol L–1)−1 s−1 and 13.86 × 10−4 (mol L–1)−1 s−1,
respectively. The values of catalytic rate constants for the superoxide
disproportiation constant (kMcCF) clearly indicate that the present
complexes can be used as an antioxidant superoxide scavenger. The
metal(II) mononuclear (1–3) and dinuclear 4 complexes in this study
exhibit antioxidant catalytic activity towards the dismutation of anti-
oxidant superoxide anions. The antioxidant SOD activity data, IC50 and
SOD activity, are summarised in Table 6 along with recently collected
values of similar complexes [63]. On the basis of antioxidant observa-
tions, it is clear that complexes 1–4 are more efficient antioxidant than
vitamin c, which is the standard for antioxidant superoxide dismutase
[63c].

The values of antioxidant activity data of other similar complexes
are also shown in Table 6. The difference in activity data for these
complexes could be ascribed due to the evident discrepancy in the
structures among them. The observed term of activity was also justified

Fig. 9. Quantum chemical investigated spin density plots for complexes 1–4.

Table 4
Structural and magnetic parameters for end-to-end bridged copper(II)com-
plexes with NNO donor Schiff bases.

Complex Cu–Cu Å J (cm−1) Reference

[Cu(L)NCS]2 2 5.8629(6) −1.71 (1) 60(a)
[Cu2(L)2(μ-1,3-NCS)2].H2O.DMF 2 5.6382(4) −0.6 (1) 60(b)
[Cu2(µ-SCN)2(L)2] 4 5.503 4 (5) 0.08 (1) This work

Fig. 10. EPR spectra of complex 2 in the polycrystalline state (RT) and in DMSO
solution at liquid nitrogen temperature (LNT), inset half-field at RT and LNT.

Table 5
Percent Inhibition concentration 50 (IC50) of various synthesized compounds HL and 1–4.

S.No Compounds IC50 value (µM)

IMR32 MCF7 L132 HepG2

1. HL 0.221 ± 0.0237 0.275 ± 0.0397 0.274 ± 0.0397 0.185 ± 0.0265
2. 1 0.137 ± 0.0052 0.111 ± 0.0052 0.265 ± 0.0052 0.101 ± 0.0405
3. 2 0.144 ± 0.0057 0.121 ± 0.007 0.150 ± 0.007 0.129 ± 0.0437
4. 3 0.067 ± 0.0087 0.075 ± 0.0064 0.099 ± 0.0064 0.055 ± 0.0084
5. 4 0.634 ± 0.0309 0.843 ± 0.113 0.986 ± 0.113 0.693 ± 0.0968
6. Cisplatin 35.87 ± 2.13 26.4 ± 1.67 29.5 ± 2.26 31.4 ± 2.5
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from the values of the HOMO-LUMO energy gaps in the frontier mo-
lecular orbitals [46]. Complex 3 shows the lowest energy gap (Δ E = -
0.3975 eV). The HOMO_LUMO energy gaps showing highest activity for
complexes 2, 4 and 1 are also showed SOD data. Binuclear complex 4
dissociates in the solvent and therefore gives similar SOD data to that of
the five-coordinated mononuclear complex. The lowest activity data is
shown by complex 3, with a minimum ΔE value, due to a lack of water
or of any solvent in the coordination sphere of the metal. The catalytic
mechanism is illustrated in Scheme 3. In step (i) the inner sphere
electron transfer takes place in between the coordinated O2

•─ and the
copper(II) centre of the complex. The concomitant cleavage of the
copper-H2O bond is assisted by protonation of the solvent and the
oxygen molecule is subsequently released. Re-oxidation of CuI to CuII by
the second O2

•─ molecule reforms the bond with H2Oalong with transfer
of a proton to the peroxide ion in step (ii).

4. Conclusion

The whole manuscript can be concluded in structural character-
ization, magnetic studies and biological studies of two new copper(II)
complexes ([Cu(HL) (H2O)2]2NO3 2, and [Cu2- µ-(SCN)2(L)2] 4), and
two new nickel(II) complexes ([Ni(HL)(NO3)(H2O)]NO3 1, and [Ni
(HL)2]2ClO4 3). Complex 4 is an end-to-end equatorial–axial thiocynate
bridged complex. The magnetic susceptibility data of 4 shows slightly
negligible magnetic interactions. The equatorial–axial disposition of the
thiocynate bridge minimizes the antiferromagnetic component J
(J = 0.08 cm−1). In this complex the dependence of the bond angles
and bond lengths suggests, it to be a consistent model to explain sign
and magnitude when the magnetic interaction is a weak anti-
ferromagnetic effect for the thiocynate bridged system. Comparison of
the structures and the results of magnetic properties with previously
related reported dinuclear copper(II) complexes with NNO donor Schiff
bases reveals that the magnetic exchange in systems is governed by
combined effects of many parameters. The highest antioxidant activity
is shown in complex 2. This is well supported by quantum chemical
theoretical data (HOMO-LUMO and energy gaps). The classical image
of an OeH interaction is a T shape with interacting hydrogen atoms
approximately directly over the centre of the aromatic ring c.
Measurements of distances c H (d CH), and c O (d CH) and the
horizontal distance (2.512 Å) were estimated. The crystal packing of
the structures of these new complexes is stabilized by H-bonding, weak
intermolecular interactions, CH and interactions. The elec-
trochemical data (CV and DPV) of these complexes show MII MI re-
duction. Electronic structures and spectral features are explained and
supported by quantum chemical studies. Finally, the antioxidant super
oxide dismutase activity measurements show that the complexes be-
have as superoxide dismutase mimics. All the complexes are highly
active and have potential to induce programmed cell death on treat-
ment to cancerous cell.

Fig. 11. Cytotoxicity represented as IC50 values on different cell lines after 24 h of compound exposure A. IMR32, B. MCF 7, C. HepG2, D. L132.
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Table 6
The antioxidant SOD activity, IC50 values and first order kinetic catalytic constants for complexes 1–4.

Complex IC50 (μmol) SOD activity (μmol−1) kMcCF(mol L)−1s−1) × 104 Reference

[Ni(HL)(NO3) (H2O)]NO3 1 45 22.22 7.39 This work
[Cu(HL) (H2O)2]2NO3 2 16 62.50 20.79 This work
[Ni(HL)2]2ClO4 3 63 15.87 5.28 This work
[Cu2 µ(SCN)2(L)2] 4 24 41.66 13.86 This work
Vc 852 1.17 0.39 [63c]
[Cu(idb)H2O](NO3)2 1.02 980.40 – [63f]
[Cu(idb)H2O](ClO4)2·H2O 0.84 1190.50 – [63f]
[Cu(L1)(NO3)2(4,4-bipy)] 30 33.33 11.08 [63g]
[Cu(L1)(H L1)]ClO4.1/2H2O 25 40.00 13.30 [63g]
[Cu(L1)(H L1)][Cu(L1)(H L1)](ClO4)2·H2O 55 18.18 6.048 [63g]
[Cu(L1)(NO3) (µ-2-aminopyrazine)Cu(L1)(NO3)2].2H2O 15 66.67 22.17 [63g]
[(L1)Cu(µ-CH3COO)2Cu(L1)] 35 28.57 9.50 [63k]
[(L1)Cu(µ-NO3)2Cu(L1)] 26 38.46 12.79 [63k]

*HL1/L1 = N’-[(E)-phenyl(pyridin-2-yl)methylidene]benzohydrazide, idb = Bis-(benzimidazol-2-ylmethyl)amine.

Scheme 3. The proposed catalytic mechanism (O2
─ • dismutation reaction by 2).
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